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PREFACE TO THE FIRST GERMAN EDITION. 

The problems which are to be solved in the construction of 
apparatus for evaporating, condensing and cooling, are inti- 
mately connected with the laws of the transfer of heat. 
Although, generally speaking, these physical laws can be 
regarded as known, yet reliable knowledge of the practical 
coefficients, applicable in each of the many different cases, is 
often wanting. Without these coefficients the constructing 
engineer cannot work. Numberless experiments have been 
conducted by more or less competent observers to supply this 
want, but their results are scattered through the literature, 
were often obtained only for very special cases, and occasion- 
ally without regard to all the prevailing conditions. Many 
have been kept secret by their discoverers as valuable prizes. 

The very excellent work published by Professor Molier at 
the instance of the Verein deutscker Ingenieure in the Zeitsckrift 
det Vereines deutscher Ingenieure, 1897, Nos. 6 and 7, in which 
the present condition of our knowledge of these relations is 
very clearly displayed, does not give figures directly applicable 
in practice, which indeed was not itB object. 

For thiB purpose new experiments on the large scale are 
neceBsary, which shall take into consideration all the working 
conditions, and, in particular, the absolute dimensions of the 
heating surfaces. Recently the Verein deutscher Ingenieure has 
turned itB attention to thiB question. Its competence and 
ample funds permit us to anticipate the beat success. 

In the construction of evaporating and cooling apparatus 
other questions arise, which at present cannot be answered by 
a knowledge of the processes based on accurate and many-sided 
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researches — for example, as to the pressures exerted by rarefied 
and compressed gases and vapours on floating drops, the resist- 
ance due to the friction of rarefied vapours in wide pipes, etc. 

It is very desirable that these gaps should at once be filled 
by orderly and reliable researches available for the requirements 
of the whole industry. 

But before these wishes can be fulfilled, all varieties of 
apparatus of this order must be built, and since to the author's 
knowledge there is no book in which, so far as it is possible, 
most of the questions and conditions relating to evaporation (in 
particular, the chief dimensions of the apparatus and the effi- 
ciency to be anticipated) are treated in a connected manner for 
practical purposes, an attempt to supply the deficiency has been 
made in the following pages. 

In this task the generally available material, also very valu- 
able communications from well-disposed friends, and, finally, 
the experience and experimental results of long practice, have 
been employed. 

It lies in the nature of the circumstances indicated above 
that much of these explanations must have a hypothetical 
character, which the friendly reader must remember. 

Lack of time will often prevent an engineer who is not 
quite at home in this branch from seeking, by a long study of 
the literature, the examples which are at once required, and from 
making long calculations. On this account, wherever it ap- 
peared advisable, tables have been introduced, which contain 
easily ascertained answers to certain definite questions arising 
from many cases. These tables also have the advantage of 
affording a clear insight into the alterations produced by varia- 
tions in the data of the problem, which advantage constructors 
know well how to prize. 

In view of the extreme variety of the apparatus and machines 
used in the industry, the constant and rapid changes of its re- 
quirements, and also its rapid progress, a complete treatment of 
all possible cases cannot well be attained. 

The constant motive in writing this treatise has been the 
desire to provide as complete and reliable assistance as possible 
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for the solution of the problems of the construction and working 
of apparatus for evaporating, condensing and cooling. If this 
desire has not been quite fulfilled, the book will perhaps be 
regarded as a useful foundation for further endeavours. 

There now remains the pleasant duty of expressing thanks 
to all the friends who have helped to enrich the contents of this 
work by communicating the results of experience, and to the 
publisher for the worthy appearance of the book. 



THE AUTHOR. 



Beblin, August, 1899. 



PREFACE TO THE SECOND GERMAN 
EDITION. 

A second edition of this work haa become necessary in so 
short a time after the appearance of the first, that there has 
been no opportunity for extensive alterations. 

Apart from small corrections, which arise in part from 
friendly criticisms, the present edition is an unaltered reprint 
of the first. May this also participate in the favourable reception 
offered to the former. 

THE AUTHOE. 

Berlin, April, 1900. 
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35 


95 


75 


167 


115 


289 






12 


53-0 


40 


104 


30 


176 


120 


248 




14 


16 


59 


45 


113 


85 


185 


125 






23 


17 


626 


50 


122 


90 


194 


130 


266 




32 


18 


G4-4 


56 


131 


95 


203 


130 






38-8 


20 


G8 


60 


140 


100 


212 


140 


284 
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SYMBOLS AND CONTRACTIONS. 



Atraoa. = atmospheres. 
n, - volume, in litres, of 1 kilo, of a: 
a = coefficient of expansion of air. 
B = height of the barometer in met: 



_ useful volume of the a 






volume of ... 
C = calories. 

C r = „ in condensing. 
C-'t = „ „ heating. 
C* = „ „ cooling. 
Ci = C, + C. calories removed by air. 
€• = calories in evaporating. 
C„ C„, Cm, Cr = tosses of heat, in 

calories, by the elements of the 

quadruple-effect evaporator. 
c = total heatin 1 kilo.ofwatervapour. 
e,, Cf, c# e, = heat in 1 kilo, of steam in 

the elements of the quadruple 

evaporator. 
Dia. = diameter. 
D = weight of steam, in kilos. 
D, = total weight of extra stes 

the multiple evaporator. 
d — diameter in metres. 
& — diameter of the condenser. 
B = thickness of a plate of metal, 

film, jet or drop of 



= the 



V, dead s pace 

/ ~~ useful volume 
the air-pump- 
weight of extra steam, in kilos., 
withdrawn from the elements 
of the multiple effect evapora- 
tor. 
weight of ice in kilos. 



= depth, in mm., to which heat 
penetrates into a body of water. 
a weight of a liquid, in kilos. 
= „ of the' cold liquid. 
= „ o,f the warm liquid. 
- „ of a drop in kilos. 
= acceleration due to gravity. 
= weight, in kilos., of 1 cubic metre 






of el 

= weight, in kilos., of 1 



= heating or cooling surface in sq. 

* height of the water-barometer. 

= cooling surface for condensing. 

= heating surface for warming. 

a cooling surface for cooling. 

= heating surface for evaporating. 

- vertical height (fall) in metres. 

= head of water. 

= height of splash of evaporating 

liquids. 
■ space traversed by the piston of 



- volume of a r 






= coefficient of 

heat, for 1 sq. m , 1 hour, 1° C. 
= coefficient of transmission of 

heat in condensing. 
= coefficient of transmission of 

heat in heating. 
= coefficient of trat 

heat in cooling. 



of 
heat in evaporating. 

- coefficient of transmi 
heat between 



of 
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SYMBOLS AND CONTRACTIONS. 



I = length in metres. 

/ = „ of fall-pipe in metres. 

A = coefficient of conduction of 
heat. 

A = coefficient of friction in tubes. 

m. = metre. 

mm. = millimetre. 

n = number of holes in the per- 
forated plate. 

= surface in sq. metres. 

o = ,, of a mass of water in 
sq. mm. 

I* = pressure in kilos. 

V = .... m per sq. cm. 

p* = u of the atmosphere. 

p, = final pressure in the vessel. 

Pn = pressure in the air-pump after 
n half strokes. 

p» = the lowest pressure which the 
air-pump can create. 

p, = pressure in the air-pump after 
equalisation of pressure. 

PfM. - prcffture in the air-pump after 
an infinite number of strokes. 

Q = section or plane surface in sq. 
m. 

q = section of a pipe in sq. cms. 

r = percentage of solids in a liquid. 

r i» r 2« r 3* r i = percentage strengths of 
the liquor in the elements of 
the quadruple effect. 

r N = percentage strength of the eva- 
porated liquid. 

sq. cm. = square centimetre. 

sq. dcm. = ,, decimetre. 

sq. m. = „ metre. 

h = space traversed by a falling body 
in m. 

tt<t = specific gravity of steam at con- 
stant pressure. 

8/ = specific giavity of the liquid. 

s w = space traversed by a drop under 
the action of a force. 

fy = space traversed by a drop under 
the action of the force P. 

vd ~ specific heat of steam. 

v* = ,. ,, „ ice. 

<r/i = „ „ „ a liquid. 

<r/2 = ,, „ ,, a second liquid. 

air at constant 



*i = 



i» 



»i 



>» 



<r 

T 
t 



pressure. 
= specific heat of the cold liquid. 

hot 



»» 



volume. 



«» 



M 



»» 



air at constant 



= absolute temperature. 
= temperature in °C. 



t a = temperature at commencement. 

t - „ „ end. 

id = ,, of 8 team. 

tf = „ „ liquid. 

tf a = „ ,, „ at the com- 

mencement. 

t f , = temperature of liquid at the end. 

t/k — ,, ,, the cold liquid. 

*/» = »i »♦ »» hot ,, 

tia = „ >» „ air at the 

commencement. 

tu = temperature of air at the end. 

t m = mean temperature. 

tkn — temperature of the cold liquid at 
the commencement. 

t ke =. temperature of the cold liquid at 
the end. 

tu - temperature at the bottom of the 
evaporating apparatus. 

*o> *i* 'a» h* U — temperatures of the 
steam in the elements of the 
quadruple effect. 

t em = mean increase in temperature. 

t tc — mean increase in temperature of 
a jet of water. 

ttk = mean increase in temperature of 
a drop of water. 

t fp = mean increase in temperature of 
a water surface (sheet). 

= temperature difference. 

0„ = „ „ at the com- 

mencement. 

e = temperature difference at the 
end. 

m = mean temperature difference. 

0mc = »» i» «i 1" 

condensing. 
$ mk — mean temperature difference in 
cooling. 

0mn 0«a« 0»».v 0»>4 = mean temperature 
differences in the elements of 
the quadruple effect. 

C = the residual weight of an evapo- 
rated liquid. 

V « = volume of the 4t equaliser " chan- 
nel of the air-pump. 

Vd = volumes of the steam in litres. 

V f = „ „ „ liquid „ „ 

Vg/ = „ ,, „ steam and liquid 
in litres. 

V 9 — volume of a vessel in litres. 

Vi = 



>i 



»> 



the air. 



V. = 



dead spaces of the 



»» »» »» 
pump. 
= volume of water in litres. 
v = velocity in metres. 
Vd = „ of the steam. 



SYMBOLS AND CONTRACTIONS. 



W = weight of water in kilos. 
«■ = the weight of water evaporated 
by 1 sq. m. of heating surface. 



= loos of pressure of steam in pi pan. 

= „ „ seconds. 

i = volumetric efficiency of the air- 
pump (adiabfttic). 
= volumetric efficiency of the air- 
pump (isothermal). 



THE COEFFICIENT OF TRANSMISSION OF HEAT, k, AND THE 
MEAN TEMPERATURE DIFFERENCE, «„. 

The unit of heat, the calorie, is the quantity of heat required to heat 
1 kilo, of water through 1" C. The necessary number of units of heat, 
or calories, in each case will be represented in what follows by the' 
symbol C. 

The coefficient of transmission of heat is the figure which gives- 
the number of units of heat (calories) which pass in one hour from a 
warmer to a colder fluid through 1 sq. m. of the partition (or of surface, 
in case of direct contact) when the difference in temperature between 
the warmer and colder fluids is 1° C. This coefficient is represented 
by k. Without a knowledge of this quantity the calculation of the 
necessary heating and cooling surface in any case is impossible. Its 
magnitude varies greatly in different cases, but unfortunately it has 
not been found for every case by exact experiment. It will be a part 
of our task to fix it for various conditions, according to known and 
reliable data or on the ground of the author's own observations, so far 
as the present state of knowledge permits. 

It is generally assumed that the transmission of heat between 
steam, gases and liquids, through metal divisions, is proportional to 
the difference in temperature between the substances on each side of the 
hot surface. However, the temperature of the substances themselves 
is not always the same at all parts of the hot surface, for high pressure, 
steam loses a portion of its pressure and temperature towards the end 
of the hot surface ; gases or liquids in motion, heating or being heated , 
enter cold and leave hot. The differences in temperature, acting on 
one another, generally alter the temperature of one or both of the 
liquids under consideration. 



2 EVAPOBATINQ AND CONDENSING APPARATUS. 

In the calculation only one temperature can be used and that is the 
mean ; hence it is necessary to ascertain what is the mean difference 
in temperature in each case between the heating and the heated sub- 
stance. The mean temperature difference is not perhaps always the 
arithmetic mean of the least and greatest temperature difference, that 



i I II i 111' '111 ■ ■ ! I '.-'!'■ 1 1 ■ 1-* 



is rather only to some extent correct when the least temperature 
difference is at least half as large as the largest. Thus, in general, the 
arithmetic mean between the smallest and largest temperature differ- 
ences cannot be taken as the correct mean temperature difference. 




Let („ denote the initial temperature, („ the final temperature of 
the warmer liquid ; and t,. ± the initial, (,, the final temperature of the 
colder liquid. Then four separate cases may occur : — 

1. The warmer liquid has the constant temperature '„ = (_ = t w 
and the colder liquid changes from t M to t„, (Fig. 1). 

2. The colder liquid has the constant temperature ( ta = t„ ~ t t and 
the hotter liquid changes from t„ to t„ (Fig. 2). 



THE MEAN TEMPERATURE DIFFERENCE. 3 

3. Both liquids change in temperature ; they flow parallel to one 
another over the two sides of the hot surface (parallel currents) ; 
i„, changes to t„, and („ to („ (Fig. 3). 




4. Both liquids change in temperature ; they flow in opposite 
directions over the hot surface (opposite currents) ; the temperatures 
change as in 3 (Fig. 4). 
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The mean difference in temperature between the liquids is then, 
according to Grashof, Theoretische Maschinenlehre I. ; — 

L, --rTrh; « 

*-:- Js f J ?r. <»> 

. . (3) 
■ ■ (4) 



-& 






log c^s; 

('- - '■) - (i- - jj 



4 ETAPOBATXSG AS3> ODXl>ES5ISG AIFAUXTS. 

If f . — die diSereDoe is UEnpenscov berween tfae two liquids at 
the QcamsBQeemeci. sod 
0« = the difference 5n teccpentam: between the two liquids at 
fc the end. 

then it mtv at cooe be s&en. by a glaooe ax the four J; *gf"** (Figs. 
1-4;, that li* four equations may be wnuen : : — 

*- - *—? (6) 

*- = *-^P (6) 

log J 

*- = ^# (7) 

•--M-- (8) 

log J 

The equations thus all become alike, by which the determination of 
the mean temperature difference for all cases is considerably facilitated. 

Now we may evidently express the smaller difference in tempera- 
ture as a fraction or percentage of the larger.. If we suppose the 
larger temperature difference to be 0«, which is manifestly permissible, 
and the smaller e , then 

'.-&•• < 9 > 

and the equation applicable in all cases then reads 



6 



a 



V iooj 



•-- 100 ' < I0 > 

log 

By means of equation (10) we can obtain the mean difference in 
temperature $ m between two fluids, each of which is occupied in 
modifying the temperature of the other, if the largest difference in 
temperature at their first contact, 6 a , and the smallest difference in 
temperature at the end of contact, 0„ are known, by first determining r 
what percentage of a is the difference 6,. 



» 



.* 



1 In Figs. 1-4 tho character S is used in place of the 6 in the text. 
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THE MEAN TEMPERATUBE DIFFERENCE. 5 

Example. — In an opposite current condenser the cold liquid enter* at 
t*. --■■ 10° C. and leaves at <„ = 80° C. The hot liquid enters at Urn = 100* C. 
and leaves at L„= 50° G. ; what ie the mean difference in temperature („? 

Tbe largest differenoe in temperatur 

difference in temperature ia 9, = 100° - 



In Ta,ble 1 are given tbe values of the mean differenoe in tempera- 
tare 6 m for the case that the largest differenoe in temperature 0. = 1 
and the smallest 6. — 0*010. to 100ft,. In any individual case, in 
order to find the correct mean temperature differenoe, it is only 
necessary to multiply the proper figure of column 4 by the greatest 
temperature difference ft, of the particular case. 

The mean difference in temperature of two fluids in motion, 
engaged in an exchange of heat, may also be obtained in the following 
manner : — 

If we consider the whole heating or cooling surface (surface of 
separation) divided into n parts, in such a manner that the moving 
fluids are in contact with each part during an equal time (the nth part 
of the whole duration of contact b), then the increase in temperature 
of the colder fluid is directly proportional to the difference in tempera- 
ture in each division. 

If, in the first division, during the time — at the temperature 

difference ft,, this difference is diminished by the part x$„ then in 
the second division the diminution of the difference in temperature 
will be 

ft, = (0. - x».)x - x$.(\ -x) (11) 

In the third division the decrease in the temperature difference will be 
ft, = ft, - a*. - a*.(l - a-))fc x6.(l - x)* . . . (12) 
Similarly, in the fourth 

ft s = x6.(l - a-)» (13) 

and in the last nth layer 

ft.- 1 -x8.{l -x)"-i (14) 



6 EVAPORATING AND CONDENSING APPARATUS. 

Since in each division the increase or decrease of temperature is 
always only a fraction of the total difference, it follows that in the 
last division only a part of the still remaining difference in tempera- 
ture will be removed, so that complete equalisation of the tempera- 
tures of the two fluids cannot occur according to this finite conception. 

If we suppose that the final difference in temperature between the 
liquids is € , then $ a - e is the sum of the diminutions of the tempera- 
ture difference produced in the n divisions. Thus 

0.-0. = x0 a {l + (l-x) + (l-*)* + (l-x)* + . . . +(l-*)-ij (15) 
or, summing the geometrical progression, 

e. - e. *j(i - j)- - i; _ xj(i - j)- - 1} _ (i - x)' - i 

*„ " ~ (1 - x) - 1 ~ - x - 1 y ' 

therefore 8 _ _ } 

(1 " x)= "v! as) 

X = 1 -"VI ( 19 > 

The figure x (always a proper fraction) gives the fraction of a by 
which the temperature difference has been diminished at the end of 
the first layer. 

As will be seen later, there is a reason for ascertaining the value 
of (1 - x) and for knowing the temperature difference even at the end 
of the first layer. These values are accordingly given in Table 1, 
columns 2 and 3. 

The value of B € may be expressed as a percentage of a , thus in 

Table 1 the figures are given for -£ under the assumption of n = 100 

0a 

layers, which affords a very close approximation to reality. 

After finding in this manner the diminution in the difference of 
temperature in the first layer, x$ at it is necessary to find the average 
temperature difference between the fluids during the whole period of 
the transference of heat. 

At the commencement of the uppermost layer the temperature 

difference = a . . . . (20) 
next lower layer the tempera- 
ture difference = B x ■= a - a x 
= *.(1 - x) (21) 
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TEX. MKiX TEJirEJUITRE IUFFISEXCE. • 

Table 1. 
"he Hear) Temperature Difference, K. betwe«n two liquids (or be- 
tween aeun or air and liquid"), which alier iheir temperatures 
daring the exchange of beM. 



1 


« 


3 


4 


i 


* 


a 


i 




1--- = 




M?u 




1 - T = 


















Mmp. 
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0-01596 


aifl.. 
*.- 1 

0-500 


0-0035 


0-9400 


0-0600 


0166 


0-20 


0-98404 


0-005 


09462 


00516 


0188 


0-21 


0-96452 


0-01548 


0-509 


0-01 


0-9550 


00450 


0215 


0-23 


096497 


0-01503 


0-518 


00-2 


09615 


003845 


0-251 


0-23 


0-98541 


0-01459 


0526 


003 


096554 


003446 


0277 


0-24 


0-96583 


001417 


0-536 


im 


0-96633 


003167 


0298 


0-25 


098023 


001377 


0-544 


005 


0-97048 


002952 


0317 


0-30 


0-98602' 


01198 


0-683 


006 


0-97226 


002773 


0335 


035 


0-96957 


001043 


0-624 


007 


097376 


002624 


0352 


040 


0-99086 


000913 


0-658 


008 


097506 


002494 


0-368 


0-45 


0-99205 


01W795 


0-693 


009 


097621 


002379 


0378 


050 


0-99309 


0-00691 


0724 


0-10 


0-97724 


002276 


0391 


0-55 


099404 


0-00596 


0-756 


Oil 


097817 


002183 


0405 


0-60 


0-99491 


000509 


0-786 


012 


097902 


002098 


0418 


065 


099570 


000430 


0-815 


013 


0-97980 


002020 


430 


070 


099644 


000356 


0848 


014 


! 0-98053 


001947 


0-440 


0-75 


0-99713 


000287 


0-872 


015 


1 098132 


001868 


0451 


0-80 


099777 


000223 


0-897 


016 


i 098184 


001816 


0461 


0-85 


099837 


000102 


0921 


017 


i 98244 


001756 


0466 


0-90 


099895 


000105 


0-953 


018 


! 0-98300 


001701 


0478 


0-95 


0-99949 


0-00061 


0-982 


019 


0-98353 


001647 


0489 


100 


100000 


000000 




1000 



At the commencement of the third layer the temperature differ- 
ence = a - 0.(1 - x)* . (32) 
„ „ „ „ ,, last layer the temperature differ- 

ence = 0„ - 9 m _ x (l -x)" 1 (23) 
The sum of the temperature differences is thus 
S = 6.{1 + (1 - x) + (1 - x)* + (1 - z)* . . . + (1 - I)"" 1 } (24) 
nd the mean temperature difference is the nth part of this Bum. 
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'- = ' "V - *'~ # V. . . (27) 
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CHAPTER H. 

PARALLEL AND OPPOSITE CURRENTS. 

Two liquids, gases or vapours, one of which is to transfer heat to 
the other, may be conducted either in the same or in opposite direc- 
tions over the surface of separation. If the two fluids move parallel 
to one another in the same direction, the condition is known as that 
of " parallel currents ". 

If, however, they move in opposite directions the condition is 
that of " opposite currents ". 

In the case of parallel currents, the fluid to be cooled has its 
highest temperature at the commencement, the liquid to be heated 
its lowest temperature ; at the end the reverse is the case. 

In the case of opposite currents the fluid to be cooled and alto 
that to be heated have their highest temperatures at one end, and 
their lowest temperatures at the other. 

In all cases the quantity of heat lost by one fluid is exactly the 
same as that gained by the other. 

If F m is the weight and <r m the specific heat of the originally hot 
fluid, F t the weight and <r, the specific heat of the originally cold 
fluid, and, further, if t wt and C be the highest and lowest tempera- 
tures of the originally hot fluid and t a and t ta the highest and lowest 
temperatures of the originally cold fluid, then, always, 

FjrJt*. - U - *W*» - U .... (28) 

Thus the weight of cooling liquid, F m necessary to oool the weight 
F w of the hot fluid from i ri to („ is 

w *>-(<■* - y 

1 = *#+ - Q ; ■ ■ 

In every definite case F w , o-„, <r t , t M , (_., t M , are known ; the out- 
flow temperature t a of the cooling liquid varies with its quantity, and 
this quantity is greater the lower („ is. 



(29) 



10 EVAPORATING AND CONDENSING APPARATUS. 

In the case of opposite currents, the cooling medium may flow 
away at a temperature only slightly lower than the highest tempera- 
core of the hot fluid. In the case of parallel currents the cooling 
medium must always run off at a temperature lower than the lowest 
temperature of the hot fluid. Thus < M is always lower with 
parallel than with opposite currents, accordingly it follows that, with 
parallel currents, much more cooling liquid (generally water) must 
rie used than with opposite currents. 

Similarly, in order to heat a cold fluid F k by means of a hot fluid 
F m , much more hot fluid must be used with parallel than with 
opposite currents. 

In the case of parallel currents the greatest difference in tempera- 
tore occurs between the highest temperature of the hot and the 
lowest temperature of the cold liquid, the smallest difference in 
temperature between the lowest temperature of the warm and the 
highest temperature of the cold fluid. The first-named difference is 
the ^reateat which arises under any conditions, the second is always 
very much less, which is also the case with opposite currents. Since 
with opposite currents the highest possible temperature difference can 
never occur, it follows at once, in general, that the mean difference in 
temperature is greater with parallel than with opposite currents, and, 
consequently, that in the former case the necessary heating or cooling 
surface may almost always be smaller than in the latter case. An 
opposite current apparatus is thus always larger than a parallel 
current apparatus, but is cheaper to work, and in particular, with 
similar materials, permits the attainment of the highest temperatures 
in heating apparatus and the lowest temperatures in cooling, which 
it is impossible to obtain with parallel currents. 

Heating and cooling apparatus should always be constructed for 
opposite currents. 

The following table (2) gives the dimensions of the hot surfaces 
necessary for cooling 100 kilos, of an aqueous liquid from 100° C. to 
o0\ 40", 30°, 20° and 15° C. by means of water at 10° C. The water 
is supposed to leave the parallel currents apparatus 5° below the 
temperature of the cooled liquid, and the opposite current apparatus 
at 80'' C. (i.e., 20° below the temperature of the hot liquid). 

Let us now consider an opposite current apparatus, upon one side 
of which a liquid is cooled from 100° to 10°, whilst on the other side 
a larger quantity of another liquid of equal specific heat is heated 



parallel and opposite currents. 
Table 2. 



Dimensions of the heating surfaces with parallel and opposite 

currents. 



Final 
of (he 

°C. 


Parallel Currents. 


Opposite Currents. 


Final 

of the 
cooling 


Qoentilj MeM 

°~»«i 13f 

Litres. S„. 


Cooling 
surface. 

Sq.m. 


Final 

of the 
cooling 

°C. 


Quantity 
cooling 


temp. 

did. 


Cooling 
surface. 

Sq.m. 


60 
40 
30 
20 
15 


45 

35 
35 

15 
12 


140 1 29-7 

210 

165 1 „ 
1600 
4250 | „ 


0-7 
08 
09 
105 
115 


80 


72 
86 
100 

115 
122 


29 

24-6 

20 

14-5 

1088 


0'70 
095 

1-35 

2-20 
3-10 



from 5° to 50°, the rates of flow of the two liquids being constant 
but unequal. Fig. 5 gives a representation of the proportion of 
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Pio. 5. 
the sections of the cooling surface. In order to carry over equal 
quantities of heat in each section, those sections, whioh lie between 
small differences in temperature', must be much larger than those 
which lie between large differences in temperature. 



CHAPTER III. 

APPARATUS FOR HEATING WITH DIRECT FIRE. 

Installations for heating with a direct fire are described in detail 
in many excellent works ; in this place only a few important remarks 
will be briefly recapitulated. 

The weight of fuel burnt upon a certain grate in a definite time, 
the quantity of useful heat obtained therefrom, and that which passes 
through 1 sq. metre of the hot surface to be heated, the temperatures 
of the gases produced — in fact all the conditions, actions and results 
of a heating apparatus — are very variable, depending on the demands 
made upon it, the skill with which it is tended, and the quality of the 
materials. This is the more true, the smaller the apparatus. 

Since there is no intention to treat of firing in detail, the data 
collected in Table 3 must be regarded merely as useful landmarks. 

The quantity of heat passing in one hour through 1 sq. m. of boiler 
surface increases in direct proportion with the difference in tempera- 
ture between the liquid and the flue gases, and also probably with 
the square and cube root of the velocity with which the liquid and 
flue gases respectively pass along the wall. It diminishes, however, 
with the growth of the coating of soot and dust on the outside of the 
heating surface and of boiler-scale on the inside. 

The mean difference in temperature is naturally less, and the 
transmission of heat per hour through 1 sq. m, correspondingly less, 
the colder the flue gases leave the boiler, but the economy in fuel 
is then proportionately greater. 

The true coefficients of transmission for this case are not yet 
known with sufficient accuracy ; many and varied experiments (which 
are still lacking) would be required to determine them. But a know- 
ledge of these figures would not be of very great service, since the 
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conditions which hinder the tran emission of heat are very numerous 
and variable, and cannot be accurately taken into account either 
before or after construction. Thus it is necessary to be satisfied 
with applying the results of practical observations. 

If K be the coefficient of transmission of heat, which gives the 
number of units of heat (calories) passing through 1 sq. m. in one hour 
with the total difference in temperature, then we may reckon that with 
steam boilers K = 8,000 to 12,000 calories ; in the mean, E = 9,000 
calories. 

For heating surfaces, ou which the liquid is not boiled, surrounded 
by the gases of combustion, K = 6,000 to 10,000 calories ; in the 
mean, K m 7,000 calories. 

In the case of very small boiler surfaces, transmission of 18,000 - 
20,000 calories may occur, yet this high efficiency causes wet steam, 
and does not generally result in economy of fuel. 

Researches on the transmission of heat from flue gases and air to 
water which does not boil have been performed by Joule and Ser ; < 
they show that the transmission is probably proportional to' the 
square root of the velocity of the gases or air, t>„ and that the 
coefficient k, for clean wrought-iron pipes is approximately 

h, - 16 v^ to k, = 19 Jv, (30) 

Having regard to the coating of the heating surface with sub- 
stances which hinder the transmission of heat, which always occurs 
in practice, we shall assume for this case the coefficient of transmission 

k,~2 + 10jv, (31) 

in so far as it refers to pure air. If the liquid is heated by flue gases, 
ou account of the greater amount of coating in unfavourable cases, it 
is necessary to take 

A,-2 + 5s/^, (32) 

In the mean, for this case, it, may be taken as about 13. 

By means of this figure the following small table (4) has been 
calculated ; it shows how large the heating surface must be in order 
to heat in the boiler-flue, in one hour, 100 litres of water from 10° or 
15° to 80° or 130° C, when the flue gases reach the eoonomiser at 
a temperature of 300°-400° C. and are there cooled to 150° or S00° by 
giving out heat. 
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Table 3. 








The 


Properties of 




13; i 


1 . ■ * 

1 s 
1 e ■ 

£3 1 £ ; 1 

s.§> 1 if ■ gi 




£•51 eu 


WJ ! 0° 1 o3 


Weight of 1 cub. m. - - kilos. 


1 
370- 260- 

465 ! 380 


610- 
700 


740 


— 


Temperature of the flame ° C. 


1969 1 2149 


2357 


2595 


2664 


Temperature with a double 


1 

1 
1 








quantity of air- - - ° C. 


800- !900- 


900- 


1000- 


1000- 




1000 1200 


1200 


1300 


1300 


1 kilo of fuel theoreti-j^^ 
cally evolves J 


! 

2820 ; 3550 


4450 


6600 


7500 


Useful heat from 1 kilo, calories 


60-80 per cent, of the theoretical 


Theoretical quantity of \ cub. m. 
air for 1 kilo, of fuel J kilos. 


346 ' 404 

1 


4-88 1 6-97 


7-78* 


465 | 530 


6-34 1 9-5 


10-8 


Quantity of air required) cub. m. 


692 808 


9-76 '13-95 


15-56 


for 1 kilo, in practice J kilos. 93 1060 


12-68 ! 19 


21-6 


Theoretical vol- 


cub. m. at 0° C. 


420 4-759; 544 , 742 


8-20 


ume of gas 


► 


i 1 I 




from 1 kilo J „ at 300° C. 


882 ! 9928 11-44 1 15*69 


17*24 


Carbonic acid in flue gas - - 


10-i4 per cent. 


Quantity burnt > kilos, per hour 


70- 80- 


100- 


50- 1 50- 


upon 1 sq. m. r 

of grate ' average 


120 


120 


200 


120 120 


100 100 


150 


75 ; 75 


Ratio of openings to total grate 


I 






surface 


1 1 1 1 1 


1 1 

4"S 


11 11 

?"4 2" 4 


Thickness of the burning) 
, ° m. m. 
layer J 


250 ' 200 


150 


100 100 


1 




1 


Resistance to the draught V 
caused by the fuel J 


1-4 1-4 

1 


1-4 


5-12 ; 5-12 


Ash per cent. 


1-1-5 


1-5 


5-10 


3-4 ! 3-4 


1 sq. m. of heating surface) 
requires a grate of J ^* ' 


1 1 


1 1 


1 1 


11 11 


TiTSff 


ts'hu is'ini uztsit inrsti 


1 sq. m. of heating surface eva- 




porates kilos, of water per hour 


15-20 kilos. ; average, 


1 kilo, of fuel evaporates kilos. 




of water 


2-5-3-5! 1*5-3 ; 2-4-5 1 5*5-10 ,5-5-10 


Speed of gases in) 
flue ) m - P" sec - 


3-4 metres per sec. — 


Section of flue - - - - sq. m. 


decreasing from (KJ75- 
l of the grate | \ of th^ghite 


Section of chimney - -sq. m. 


Height of the chimney - - m. 


at least 16 metres, 


Temperature of the flue)op 
gases J 


250°- 
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Certain Fuels. 



i 
si 


a 
"l 

1 


O 


^ 1 

S ] i 


| 

1 
1 


1 


i 
| 


i 


960 

2688 


2734 


520- 

570 
2774 


194 i 793 
2104 — 


785 


928 


034- 
0-45 
2390 


- 


1000- 
1300 


1000- 
1300 














7760 | 8110 


7430 


7750 ' 7184 


10000 


— 


13745 


— 


60-80 
8-04 

115 

1609 

23 
843 


j. c. of 
8-49 
12-5 
16-98 
25 
874 


he the 
7-441 
9-7 

14-88 

19-4 
804 


retical 
801 

1030 

1608 

206 
8-42 


— 


= 


10700 


"la™ 

16 
13-6 


3500 


1771 

50- 
120 

75 


18-38 
10-14 p 
25-60 

35-40 


16-89 
er cent 
35-80 

60 


17-70 


- 


- 


- 


27-5 


- 


i4 


i'i 


T-ff 














100 


100 


250 














5-12 


















3-4 


2 

30-TI 


5-6 

5TTTU 


2-5 


Straw 


Tan 

bark 


— 


— 


— 


18 kilos. 


- 


- 


- 


- 


MUMt 


- 


55-10 15-5-10; 4-5-8 


— 


1-5-2 


mi 


— 


""— "' 


— 


6 metres permissible — 3-4 metres at the top 


of the eh 


mney 




0'43 of the grate at the beginning to 25 at 
otherwise 25 times the diameter of the top 


the end 

- 


- 


- 


450- 1 — | — | — | - 


— 


— 


- 






II. lil*t IOiiS-2ni£ 2 



1% rft^f 



-erz. one hour 



L3fcT L. 






V, 



iff bff 



W Vff 



Vf IVf 



Vf IV f 



Uf V'/f 



X^X* 












l*rr.?r 



i5*reciO£:. * m 



3* I-3& 




T*cip. difer&ee. £. 

H*a,;:z:g <?nrfaoe. // 

T*^r:p. difference. 0, 
H*ahti2 surface. 27 



IT*? 
4 -07 

1£4 T 
47 



-S-5 



213 s 
3^6 



160= 3CC 

52? 412 

153 s i« = 

6-03 446 



2^> 1"7 sq. m. 

^T 315 r 

5-» 2-0 sq. m. 

361= 312° 

2-59 2*43 sq. m. 

257" 311 s 

33 2-70 sq. m. 

254= 30T 

3*7 3*0 sq. m. 



E'amfAt. — Jr. ordtr v, Lett 100 ii:res of waier frozn 10 1 to 100= C. 100 {100 - 10) 

- '4Jf/> Dfiiu of /;**; ar« r«^=ir«d. Tne iue gases crier lie economiser at 300° 

f.4 .**»* a*. 1W' C. v, tf.at :he freiEDeraTiare diference is as first 300 -100= 300 s , 

140 
ar*d at •,.';*: «r»d 3-00 - 10 « 14CT* : ;has, in the mean. »in« ^^r = 0-7, #« = 168-6° 

(Ta»/U J/, TW D'^CAWsarj- heading surface is therefore 

„ VjM> 9000 

" -#.*,- 16^6-^3 -«*■*»• 

OtMtwitim CAtim. <\. V. d. I., 1888, 438).— 5,197 litres of water per 
hour were forced with a velocity of 0*118 m. through six parallel iron 
fiipen of ft J mm. internal diameter, which had a total heating surface 
of 31/5 n<{. m. The water wag heated from 48*5° to 180° C. by means 
of the flu*; %hhw from a marine boiler, which were thereby cooled from 
338" to HirC. 

There were transmitted 

- 6,179 (180 - 48-5) - 683,405 calories. 
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The initial differenoe in temperature was 

$. = 338° - 180° - 168°. 
The final differenoe in temperature was 

», - 149° - 48-5° = 100-5°. 
Thus the mean differenoe in temperature, m = 126*. 
The coefficient of transmission of heat was 



' H$ m 315 x 126 
The velocity of the gases over the pipes was about 1'2 m., thus 
the calculated coefficient of transmission was 

A 1 = 2 + 10*/T2 = 130. 



CHAPTER IV. 

THE INJECTION OF SATURATED STEAM. 

Saturated steam, directly injected, is used for heating water, for 
iistilling low-boiling liquids (alcohol, methyl alcohol, etc.) and for 
carrying over high-boiling liquids. 

If saturated steam be conducted into cold water, it liquefies and 
gives up its heat to the water. The previous pressure of the steam 
is immaterial, since it is lost in condensing. An almost complete 
vacuum would be produced throughout the steam pipe, owing to the 
sudden disappearance of the steam at the end where it enters the 
water, did not the steam always contain air ; since, however, this is 
: always the case, only a fall in pressure in the pipe results. The water 
is gradually heated by the steam and may reach 100° C, if it is under 
atmospheric pressure. If the water be under a higher pressure, as that 
of a column of water, it can reach that temperature which steam of 
this pressure would have. 

Example. — The water in a closed vessel in the cellar of a house 20 m. high, 
tfroru which rises a pipe, 20 m. long (2 atmospheres) and filled with water, may 
reach ut the bottom the temperature of steam at a pressure of 2 atmospheres, 
i.e., 120*6'' C. The temperature of the water in the full pipe diminishes from 
below upwards, a circulation takes place, the warm water rising and the colder 
flowing down. The rising warm water, as it gradually comes under less pressure, 
gives off its excessive heat by forming steam. 

Thus steam gives up its heat to water which is not boiling, 
liquefying and increasing the weight of water by its own weight. 
However, if the water boils, it evolves as much steam as is led 
into it, and its weight remains constant. 

1 kilo, of steam at atmospheric pressure has 637 calories. If 
the temperature of the water is t, each kilo, of steam brings to it 
(637 - t) calories. 
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Id order to heat 100 kilos, of water ^- 

through 10° 20° 30" 40" 50° 60° 70' 80 a 90" 100' C. \ 

there must be injected 17 333 5 69 9 1075 1275 15 168 186 
kilos, of steam. 



If steam is blown into a boiling liquid (not water), with which 
water mires, and the boiling point of which lies below that of water, 
vapours are formed composed of a mixture of steam and the vapour 
of the liquid. The composition of these vapours depends, according 
to certain laws, upon the composition of the boiling mixture of liquids, 
but. unfortunately, is not accurately known for most mixtures of 
liquids, although this property is utilised on the largest scale in the 
industries for the distillation of such liquids. The heat of evaporation 
of the mixture of vapours is the sum of the heats of evaporation of 
the water and the liquid. The temperature of the mixture lies between 
those of the single vapours. 

Example. — 1 kilo, of a mixture of vapour;, containing 05 kilo, of water 
vapour and 05 kilo, of aluohol vapour, is at the boiling temperature of 92'' C, : 
05 kilo, of steam at 92" contains 271 calories of " 
; 103 calories 



This question has been treated in a previous work ( Wirkimiisweise 
der Rektificir- vnd Destillir-Apparate, Julius Springer, Berlin), which 
should be mentioned here. 

When saturated steam is blown into a hot liquid, which does not 
mix with water, part of the liquid is mechanically taken away along 
with the steam, even when its boiling point is considerably above 
that of water. This process of carrying over small particles of liquid 
is not evaporation, and, according to the author's observations, the 
heat of evaporation of the vapours evolved is but little greater than 
that of the water alone. 

The quantities of different liquids carried over by 1 kilo, of 
saturated steam are very different ; they depend essentially upon 
the nature of the liquid, the dryness and the temperature of the 
steam. In almost all cases, if not exactly necessary, it is still very 
desirable to heat the liquid under distillation in some other manner, 
since by this means the work to be performed by the steam is made 
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considerably easier. Experience has shown that 1 kilo, of steam 
carries over more liquid in vacuo than at atmospheric pressure. 

As approximate data it may be stated that to carry over 

100 kilos, of toluene there are required 13-15 kilos, of steam. 
100 „ benzene „ ,, 25-28 



100 
100 
100 
100 
100 



fatty acids 

tar 

glycerin 

nitrobenzene 

nitrotoluene 



100 

150 

250 

250-300 

400-450 



U 



CHAPTEB V. 

SUPERHEATED STEAM, 

Thb steam superheater consists of metal pipes, through which satur- 
ated steam U led, and which are generally surrounded outside by 
fire. But the superheating of steam is not of necessity done by 
direct fire ; a sand or oil-bath, or even high pressure Bteam, may 
be used. When saturated high pressure steam is allowed to expand, 
its temperature and pressure sink. If this expanded or low pressure 
steam at a low temperature is passed through pipes heated outside 
by hotter high pressure steam, the low pressure steam is brought 
up to the temperature of the high pressure steam, i.e., it is super- 
heated. It is a matter of indifference by what means the superheating 
is accomplished. 

The specific heat of superheated steam at constant pressure, 
which comes into consideration here, is <r < = 0'4805. Thus, in order to 
superheat 1 kilo, of steam at 100° C. through 100° C, i.e., to heat it to 
200° C, there are required 100x0*4805-4805 units of heat. Since 
saturated steam always contains water, the heat required to vapourise 
the latter and then superheat it to the same degree must also be 
calculated. It is important and useful to keep as low as possible 
the amount of water in the steam to be superheated, since the eva- 
poration of the water requires much heat and seriously diminishes 
the efficiency of the superheater. But in spite of all separating 
arrangements, which are always used in conjunction with superheaters, 
the saturated ateam always carries a certain quantity of water 
(3-5-10 per cent.) into the superheater. The heat required to 
vapourise this water must be calculated. 

If the whole weight of steam to be superheated is D, its original 
temperature t, the temperature to which it is to be superheated i„ 
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and the percentage of water w, then the amount of heat required 
for superheating is 

C - ^537 + D(t k - 004805 

and, when t = 100°, 

C = D\5'37w + 0-4805U* - 100); .... (33) 

Thus, in order to superheat 100 kilos, of steam, more or less heat 
is required according to the percentage of water. 

Table 5 gives the number of units of heat required to superheat 
steam at 100° C. through 100°, 200°, 300 c , 400°, 500° and 600° C, when 
it contains 0, 3, 5 or 10 per cent, of water. 

4 

Table 5. 

Expenditure of heat, in calories, in order to superheat 100 kilos, of 
steam from 100 3 C. through 100° to 600° C, when it contains 0-10 
per cent, of water. 



Water-content 

of 

the steam. 

Per cent. 




Superheating through 




100° 
Calories. 

4,750 

6,361 

7,435 

10,120 


200° 
Calories. 

9,500 

11,111 

, 12,185 

14,870 

i 


300° 
Calories. 


400° 
Calories. 


500° 
Calories. 

23,750 
25,361 
26,435 
29,120 

! 


600° 
Calories. 

28,500 
30,111 
31,185 
33,870 




3 

5 

10 


14,250 
15,861 
16,935 
19,620 


19,000 

20,611 

21,685 

i 24,370 



The volume of superheated steam is, according to Zeuner, 

pV d = 5092 7 - 1925 i£ (34) 

where p denotes the pressure in kilos, per sq. ni., V d the volume in 
cub. m. and T the absolute temperature. 

In Table 6 are given the volumes, F,„ of 1 kilo, of superheated 
steam, in cub. m., for pressures of 01, 0*2, 05, 1, 2, 3 and 4 atmo- 
spheres and temperatures from 200° to 500° C. 

The quantity of heat, which is carried to the steam through 1 sq. 

w. of heating surface, depends, as we may readily imagine, on the 

Velocity with which the steam to be superheated moves along the 
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inner face, and the heating gases or liquids pass along the outer 
face of the superheater. Exact figures are, however, wanting for 
this transference of heat, owing to lack of accurate experiments. 
But if these figures were known, the coating of the surfaces with 
ash and rust, and also the variable and generally unknown proportion 
of water in the steam, would make the theoretical figures useless for 
practical purposes, without large corrections. 



Table 6. 







Temperature o( the superheated steam, U. 


200" 250° 300° 400° S00" 


Absolute 
pressure. 


pressure, 
P- 

Kilos, pec 








Absolute temperature of the superheated steam, T. 


173° 


623° 


673° 673° 773° 


Atmos. 


sq.ui. 






1 | 






Volumes of 1 kilo, of superheated steam, V t , in 


0-1 


1,000 


23000 


25 540 


27 987 


33176 


38-260 


o-a 


2,000 


11390 


12-670 


13-890 


16483 


19-027 


05 


5,000 


4-496 


5 005 


5-494 


6-530 


7-549 


i 


10,000 


2-215 


2 469 


2-714 


3 233 


3741 


2 


20,000 


1-089 


1-217 


1-339 


1-598 


1-853 


3 


30,000 


0-718 


0-803 


0884 


1-057 


1-227 


4 


40,000 


0-534 0-597 


0-659 


0-788 


0909 



Experience shows that, by means of 1 sq. m. of superheater surface 
in one hour, 25-45 kilos, of high pressure steam may be superheated 
through 100°, 150" or 200° C, when the temperature of. the hot gases 
is 45CP-55Q a C, the speed of the steam in the superheater being 
15-40 m. per second. 

This is true for those cases in which the steam is superheated by 
means of waste gases ; when, however, the superheater lies immedi- 
ately after the fire, so that the flames directly impinge on its tubes, the 
efficiency is considerably greater, especially with steam at little above fc 
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the atmospheric pressure. Under these circumstances, in one hour 
by means of 1 sq. m. of surface, as much as 300 kilos, of steam may 
be superheated through 200°-30CF G. The velocity of the steam may 
then reach 60-70 m. 

If the steam is expanded, i.e., if it has a lower pressure than 
that of the atmosphere, for example, \ atmos. (absolute), the velocity 
in the pipes may attain 150, or even 400 m. ; an average would be 
250 m. 

According to Him, the coefficient of transmission between hot 
gases and steam with cast-iron heating surfaces, k = 10 to 15. 
Assuming it to be k = 10, a number which must be regarded as 
extremely low, the heating surfaces necessary to superheat 100 
kilos, of steam, containing 0-10 per cent, of water, through 50°, 
100°, 200° and 300° C, with a mean difference in temperature 
between steam and hot gases of 100° and 150° C, have been 
calculated and arranged in the following table: — 

Table 7. 



Water- 

content 

of the 

steam. 



Per 
cent. 





3 

5 

10 



For superheating through 



60° 



75 c 



1(W 



200° 



300° 



with mean differences in temperature of 



100 c 



160° 



100° 150° 



100° 150° 



100° ; 150° 



100° ! 150° 



the necessary heating surface, in sq. m., for 100 kilos, of steam per hour. 



2-38 


1-65 


318 


215 


3-72 


2-5 


507 


3-35 



360 
521 
6-29 
897 



2*40 
348 
4-20 
598 



475 


33 


9*5 


6-6 


14-2 


636 


43 


13-76 


8-6 


190 


743 


50 


14-86 


100 


22-2 


1012 


67 


20-24 


13-4 


30-2 



9-9 
12-9 
15 
201 



With the same assumption, it may be found that 1 sq. m. of the 
heating surface of the superheater superheats the following weights of 
steam in one hour : — 



superheated steam. 
Table 8. 



Water- 
content 

ol the 

Per 


Superheating through 


S0° 


75° 


100° 


200° 


300° 


With mean differences in temperature of 


100" 


160° 


100° 


150" 


100° 180° 


100° 


150° 


100° 


160° 




3 

5 
10 


In 

420 
31-4 

26-8 
20 


63-0 
474 
40-2 

300 


28'0 
19 
16-0 
110 


42*0 
28-5 
24-0 
16-6 


21-0 
157 
13-4 
10*0 


rheats 

31*5 

23-6 
20*1 
15*0 


kilo*, c 

105 
7-85 
67 
5 


16 
12 

10 
7*5 


70 
53. 
4-5 
3-3 


10-5 
80 
6-8 
50 



(CHAPTER VL 

EVAFOaAnOS BT Ml^Ti QW HOT LIQCTDS. 

Occjk&fXZiLLT fct^iiiis. ire -±v*p«:ca&iil by mt*tfcn^ erf heating coils, 

throo-fc whDrii sceauTL is -oc ar-cirxtfseii. bus & scrje^hr heated liquid 
of frrgh botLin^ bg££.3 • >>j r -5L*y C. a* pimped. Tfce rate at which 
tela b« bquoi is forced shrsc^c. she ^oil can rarely be Tery large, 
arj5z ihe eQC£a&ier*£ix~ Len^na oc she coiled pq* acii its small internal 
diameter woold o*fc**r*ise Luraefrr LMrease she fracfiBoa. and thus the 
necessary pressure. We may recant a Telocity, c. of I m. per second 
as suitable. tho'CL^h often, shis is hoc autajiiiaHi 

In estimating the qojkn.ii.uy -3£ h&&? grrec. rip in this case from the 
hot colI to the b:-ui**j Liquid, the eoeiiieirns of transmission may be 
assailed, according to the author *> obserratioc.^ to be 

*. = 7«K£ (35) 

The heating surface H in sq. m_. required to transfer C calories 
per hoar, is. with the mean temperature ditference *„, 

H -Kmz?. (36> 

Accordingly. 1 sq. m. of heating surface in one hour, with a velocity 
of the heating liquid in the coil of c\ = 1 m., and with mean differences 
in temperature of 

$ m » 5 = 10= 15 : 20 : 50**C 

would transfer 3,500 7,000 10.000 14,000 35,000 calories 

to the boiling liquid. 

The necessary weight of the hot liquid, F„ which must be forced 
in one hour through the heating coil is, if C represents the quantity of 
heat to be transferred in one hour, 

F w = — , C , fc (36a) 
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The diameter of the coiled pipe in metres (d) is obtained from the 
iquation 

^100 x v, x 10 x 3600 - & 

d -i&W-! <**> 

The length of the heating coil is 



J. 






For the hot liquids considered here the specific beat, a,, is. 
generally 05 and the specific gravity, a, = 0*7. 






»A t V *i*.*.v*;/.'-*;.*'« v.i. f-*?v-*r.* k .v fv: I:'f-ji* ^f i^*~ boiling poic:. 
jIaah* '/f J'^ ; / *i/;;.'<«;^-'-."A :/.*« ^ -*wi. Ii is of*e:i advantageous 
l// >>„i *;«.r, *•/*«; *: % |;/«r^t -/*: ',? 1-2 iinac^piier&s (absolute). 

TiV> /«//*//*////.///* 'yf imj hot *Vrar:- «*-« always be some degrees 
lof/b'r 0,*r# */.«-, Stt.l.ni y*M\ of :he liquid to be evaporated. The 
Utth^U 1 hi h*:*i j* t/r*'.itU:r t lit'-. larger the difference in temperature 
)M.i,w-.'-f< lU*\ tiit-tuu ;uifi th<; boiling liquid, and it may be properly 
tttwuiwA lIkiL Ui«. action of the heating surface increases in direct 
|iiif{ffHi"u 7/if.h Lh« iliffcr'sncs in temperature, m . In order to make 
ililq ilinVirnru lur^, a vacuum is frequently maintained over the 
In ill ii if/ liquid, /./*., Urn liquid \h brought into a closed vessel provided 
tilth liniiMnp; hiulai'HH in contact with steam, from which the vapours 
in i» i'.iiih1uii(.hi! I.Ihihi^Ii a pipe into a condenser, where they liquefy 
Mini tun iMHiliul, itutl then either How away spontaneously (by a 
Inn tiuinl m iMihiiiiii), or urn dniwn oil' hy means of a pump or other 

Tim /*hMiih< of ihn hot rttnam is without influence on the efficiency 
ol I kiti Intuit}; run hum, Hut. the temperature, which is in a definite 
tMhiuntiiiiii wul» din procure of sat u rut oil steam, has considerable 
mlhioiu^o. Miiu'o, oihoi tliiu^H Umu^ the same, with increasing pressure 
tin* imuponvtuto ot (ho ntoam also rises to an extent which is perfectly 
woll Kis^wu, tttul thut piopouioiutoly increases the difference in tern- 
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erature between steam and liquid. la this sense the capacity of the 
eating surface rises with the pressure of the steam. 

By many researches it has been shown that with increasing 
emperature of the steam, or, in general, with an increase in the 
emperature at which the transference of heat takes place, there 
s a certain increase in the efficiency ; this effect is, however, not 
iroportional to the increase in temperature, and appears again to 
lecrease when certain limits of temperature are exceeded. The 
-a use of this behaviour is to be found in the increasingly rapid 
novement of the particles of liquid over the heated surface at the 
ligher temperatures. The effect is more noticeable in heating non- 
wiling liquids by means of saturated steam, than in evaporating. 

The hot steam always carries air with it (Zeits. d. V. d. lug., 
.887, 284), which considerably hinders the transference of heat. 
X appears as if the air attached itself to the hot surface, forming 
, net-like layer upon it, thus hindering the action of the steam, 
Che removal of the air from the tubes or spaces, in which tbe 
iteam is to give out its heat, is extremely important for effective 
vorking. Every care must be taken to remove, as quickly and 
:ompletely as possible, the air which the steam brings to the hot 
paces. It naturally collects where it is driven by the moving 
iteam, that is, at the end of the heating surface. At that place 
here must be provided a continuous outlet, and since diffusion 
>etween air and steam is tolerably slow, the outlet should be placed 
ather towards tbe bottom than the top of the hot space. 

The pressure in the hot space is the sum of the pressures of air 
trui steam. The total pressure in the steam space is, therefore, 
Jways rather greater than the pressure of the steam alone, and 
.ince the temperature (the most important condition) in the hot 
pace depends upon the pressure of the steam and not on the 
urn of the pressures, the temperature in a steam space is always 
lomewhat lower than would be supposed from the total pressure 
ia indicated by a gauge. In heating experiments it is, therefore, 
lecessary to observe the temperature of the hot steam and not its 
treasure, since the latter, on account of the varying amount of air, 
annot give a reliable indication of the temperature. 

The pressure and temperature of the steam are not equal in all 
tarts of the steam space ; they are always somewhat, oftun anrpfa , 
ower at the end of the heating surface than at the beginning. When 
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Table 9. 



Saturated Water Vapour — Pressure; Total 

Evaporation ; Specific Volume 





.Pressure. 




Vacuum. 














Tempera- 






















ture. 


Atmospheres, 
absolute. 


Mercury. 


Water. 


Mercury. 


Water. 






m.m. 


m. 


cm. 


m. 


'C. 


00061 


4-60 


0-063 


75-540 


10-273 





00086 


6-53 


0089 


75-347 


10-247 


5 


0012 


9-17 


0-124 


75038 


10-212 


10 


0017 


12-70 


0176 


74-730 


10-160 


15 


0-023 


17-39 


0-238 


74-261 


10098 


20 


0031 


23-55 


0-320 


73-645 


10016 


25 


0-042 


31-55 


0-434 


72-845 


9-902 


30 


0-055 


41«83 


0-568 


71817 


9-768 


35 


0072 


54-91 


0-744 


70-509 


9-592 


40 


0-094 


71-39 


0-972 


69-861 


9-364 


45 


0121 


91-98 


1-251 


66-802 


9085 


50 


0-155 


117-48 


1-602 


64-252 


8-734 


55 


0196 


148-79 


2026 


61-121 


8-310 


60 


0-246 


186-95 


2-543 


57-305 


7*793 


65 


0-257 


195-50 


2-656 


56*450 


7-680 


66 


0-303 


23309 


3-163 


52-601 


7*173 


70 


0-380 


288-55 


3-928 


47-148 


6-408 


75 


0-466 


354-64 


4-817 


40-536 


5-519 


80 


0-506 


884-44 


5-230 


37-556 


5106 


82 


0-570 


433-04 


5-892 


82-696 


4*444 


85 


0-691 


525-45 


7142 


23-455 


3194 


90 


0-746 


566-76 


7-711 


19-342 


2-625 


92 


0-834 


683-78 


8-602 


12-622 


1-706 


95 


1000 


760-00 


10-336 








100 


1-25 


950 


12-920 






106-38 


1-50 


1140 


15-50 






111-74 


1-75 


1330 


18-09 






116-42 


2-00 


1520 


20-67 






120-60 


225 


1710 


28-26 






124-35 


2-50 


1900 


25-84 






127 -eo 


2-75 


2090 


2842 






130-96 


300 


2280 


31-00 






133-91 


3-50 


2660 


36-1S 






139-24 


4 00 


3040 


41-34 






144 00 


450 


3420 


46-51 






148-29 


500 


3800 


51-68 






152-22 


600 


4560 


62-02 






159-22 


7 00 


5320 


72-35 






165-34 


800 


6080 


82-69 






170-81 


9-00 


6840 


9302 






175-77 


1000 


7600 


103-36 






180-31 


1100 


8360 


113-70 






184-50 


1200 


9120 


124-03 






188-41 


1300 


9880 


134-37 






192-06 


14-00 


10640 


144-70 






195-53 


1500 


11400 


155-04 






198-98 
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eat ; Heat of the Water, 


of the Liquid and of Table 9. 


nd Weight (after Zeuner 








Atem heat of 1 










tbe vapour. 


Heat of the 




Specific 




306-5 - 0090C 1 




Total heat. 


volume. 


weight. 


- 0-000025" - ! 


+ 0-00002( a + 


606-5 + 0-305*. | 






O-0000003C | 0-0000003-?. 




1 vol. water 


Weight of the 






gives vols, of 


vapour in kilos. 


Calories. 1 Calories. 


Calories. 






606-3 





606-3 


198567 


0-00504 


603-030 


5 


6OS03 


143811 


0-00696 


599-548 


10-02 


609-55 


105170 


0-00951 


596-074 


15-006 


611-03 


75824 


0*01319 


592-590 


20-010 


612-60 


57087 


0-01753 


630118 


26-017 


61413 


43126 


0-02320 


585-623 


30026 


615-65 


32423 


0-03086 


582-143 


35-037 


617-18 


25168 


003975 


577-649 


40-051 


618-70 


19542 


0-05119 


575*162 


45-068 


620-23 


15213 


0-06576 


571-662 


50 088 


621-75 


12001 


008336 


568*170 


55-110 


G23-28 


9510 


010519 


564-763 


60-137 


624-80 


7629 


0-18114 


561-163 


65167 


626-33 


0163 


0-16234 


560-458 


66-172 


626-63 


5915 


0-16915 


557-619 


70-201 


627 85 


5020 


019928 


554-141 


75-239 


629-38 


4096 


0-24423 


550-G18 


80-282 


630-90 


3382 


0-29582 


549-210 


82-300 


631-51 


3130 


0-31961 


547101 


83-329 


632-43 


2799 


0-33744 


543-569 


90-381 


633-95 


2336 


0-42829 


542157 


92-403 


634-56 


2177 


0-45960 


540-037 


95-443 


635-48 


1958 


0-51105 


536-500 


100-500 


637-00 


1650-5 


0-60590 


531-983 


106*967 


638-95 


1338-6 


0-74738 


528-173 


112-408 


640-58 


1126-9 


0-68740 


524-670 


117-340 


642-01 


976-9 


1-0252 


521-863 


121-417 


643-28 


859-9 


1-1631 


519-193 


125-237 


644-43 


776-7 


1-2981 


516-727 


128*758 


645-48 


697-2 


1-4345 


615-379 


131-061 


646-44 




1-5674 


512-351 


134*989 


647-34 


587-5 


1-7024 


506-532 


140-438 


648-97 


50S-2 


1-9676 


505-110 


145-310 


650-42 


448-4 


2-2303 


502-022 


149-708 


651-73 


401-4 


2-4911 


4991S9 


153-741 


652-93 


363-6 


2-7500 


494-122 


160-938 


655-02 


306-4 


3-2C32 


489-687 


167-243 


656-93 


265-2 


3-7711 


485-712 


172-888 


658-60 


233-9 


4-2745 


432-093 


178-017 


660-11 


209-5 


4-7741 


478-791 


182-719 


661-50 


189-7 


5-2704 


475-705 


187-065 


662*77 


173-5 


5-7636 


472-844 


191126 


663-97 


159-9 


6-2543 


470136 


194-944 


665-08 


148-4 


6-7424 


467-603 


198-537 


666-14 


138-4 


7-2283 


465-120 


202-041 


66716 


127-7 


7-6270 
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hot steam is conducted into a doable bottom, or a coil in contact 
with cold water, che tension at the end of the heating surface is 
generally nil in the first momenta of the entry of the steam, it 
gradually increases as the water becomes heated, until, finally, when 
boiling commences, it reaches the permanent highest point. 
The following may serve as an example : — 

A copper pan of 1.000 mm. diameter, with a doable bottom of 14 sq. m., con- 
tained 720 litres of water at 13" C. Steam entry valve, 25 mm. ; pressure of steam 
in the boiler. 3*5 atmo*. : as its entry into the doable bottom, about 3 atmos. 



Time. 
Hw. Min*. 


Pressure of the 
Tempera: a re steam at the side Calories transferred 
of the water opposite to the per 1 sq. m. in 1 hour 
in the double *team entrance. with 1~ C. difference 
bottomed pan. in temperature. 

Asxnos. excess i 
" C. pressure. 


9 20 
9 25 
9 30 
9 35 
9 40 
9 45 
9 48 
to 10 18 


13 0-0 ^ 

64 12 1W0 
. £, 1950 

93 1S5 ™j 
100 1-95 ^ 
100 2-2*3-2*5-2*6 < 80 litres of water eva- 
1 pormted in 30 mins. 



The more rapidly the liquid moves over the heating surface, the 
more rapid is also the transference of heat. The larger the number 
of particles of liquid brought to the heating surface in a definite 
time, the more heat will the liquid take up in this time. The 
example just quoted shows this clearly : as the water becomes hotter 
and hotter, its circulation or movement over the heating surface 
increases, and so does the number of units of heat conveyed across 
1 sq. in. in a definite time per 1° difference in temperature. Also 
when the liquid to be heated or evaporated is moved by artificial 
means rapidly and frequently over the hot surface, the amount of 
heat transferred in a definite time is increased. This increase is, 
however, not directly proportional to the increase in velocity, but in 
a lower ratio (Chapter XXI.). 

The conclusions to be drawn from the observations of Joule, Ser, 
and others, lead to the belief that the increase in the transference 
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of heat between steam and a non-boiling liquid is proportional to 
the cube root of the velocity of the liquid. 

The rate of movement of the steam over the heating surfaces also 
exerts a considerable influence on the transference of heat. There 
is always observed close to the entry of the steam, where it first 
comes in contact with the heating surface, a much more lively 
motion of the particles of a non-boiling liquid, and a very much 
more rapid evaporation of a boiling liquid, than at places more 
distant from the entry. It is evident that the more heat will be 
imparted by the steam, the more of its particles rapidly touch the 
surface of separation. 

Around coils, pipes, over double bottoms and tubular heaters, filled 
with steam, a very lively movement of non-boiling liquids, and an ex- 
tremely energetic ebullition of boiling liquids, takes place at the entrance 
of the steam ; towards the end the action decreases considerably, until 
it appears almost entirely to cease. If the hot space be opened at 
the end, so that steam escapes, whilst the pressure in the hot space 
remains constant, the transference of heat is increased ; a larger 
portion of the heating surface takes part in the violent action. In 
practice this opening of the hot space cannot always be effected, 
since it generally results in a costly loss of steam, yet there are 
cases in which it is the regular condition, e.y., with several heating 
bodies placed one after the other, in the condensers of rectifying 
apparatus, etc. 

In all these cases the largest transmission of heat is observed 
where the most steam passes over the hot surfaee, and the heating 
surface as a whole is the more efficient, the more steam passes over 
its total extent, although this steam is not quite condensed. It is 
believed that the average evaporative efficiency of a unit of surface 
decreases with its size, and, in fact, approximately in proportion to 
the square root of the surface. Thus, if k, denotes the quantity of 
heat transferred through unit surface in unit time with 1° difference 
in temperature, then, through the surface, H, the quantity of heat, 
G - 4, JH, is transferred. In the case of tubes, inside which is 
steam, it is probable, as observation has shown, that this relation 
always holds good ; in the case of double bottoms, perhaps in default 
of accurate experiments, the connection is more uncertain, which 
is also true of tubular heating apparatus with the steam outside 
the tubes. 
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When the space containing the hot steam is very large, so thai 
only slight movement takes place in it, almost a stagnation occurs 
and the influence of the absolute size of the surface is diminished. 

The condensed water formed from the steam precipitated on the 
heating surface, considerably hinders the transference of heat, since 
the conductivity of water is veiy low. The more rapidly and com- 
pletely this condensed water is removed from the heating surface, 
the more efficient the latter will be. To a certain extent the condensed 
water drops more readily from a horizontal tube, heated externally, 
than from a vertical pipe, down th- whole length of which the water 
would have to run. 

Th" nature of th<- metal, of which the heating surface is composed, 
appears to effect the amount of heat transferred only through 
differences in conductivity. On tii»* other hand, the nature of the 
surface, whether rouirh or smooth, seems to be almost entirely with- 
out action on the movement of heat. 

The heat, which a heating medium (->t -am. water, air) is to 
transmit through a metallic diaphragm to the heated medium 
(water, air), has three resistances to overcome, viz. : — 

1. The entry through the surface of the metal plate. 

2. The passage through the metal. 

3. The exit from the metal into the healed fluid. 

These resistances may be expressed by Peelet's method, taking 
for each a coefficient, which dves the number of calories passing 
through a surface of 1 sq. in. in one hour with a temperature 
difference of 1 . Let the entering coefficient be c. the exit coefficient 
be a, the conductivity through a wall 1 mm. thick be A. the thickness 
in millimetres be 6. Then, if /; be the total quantity of heat which 
passes through 1 sq. in. in one hour, with a temperature difference of 
1 C.and a thickness of 1 mm., these coefficients are related according 
to the g'-neral equation (Peclet) : — 

1 l ■ 6 A l iV, 

. = ■- + 7 + - (Ot) 

Ac A a 

A- = -. ; r (3b) 

1 a 1 

- + - + - 

c A a 

The coefficients of entry and exit, c and a, are practically unknown, 
since they are hardly capable of measurement by direct experiment. 
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However, for the cases dealt with here, the so-called coefficient of 
transmission, k, alone conies into consideration ; we may thus omit 
the researches designed to determine the values of < and a. 

The conductivity coefficient, X, of the metals has been determined 
by several observers ; the values found are, however, somewhat 
different. It is probable that slight variations in the composition 
of the metals (impurities) exert considerable influence on the con- 
ductivity for heat. The following values for A may be taken as 
the mean of many experiments, they give the number of calories 
which pass in one hour through a metal block of 1 sq. m. section, 
1,000 mm. thick, with a temperature difference of 1* C. (Zeits. d. V. d. 
Ing., 1W96, 46) ;— 



Copper, 330. 
Iron, 66'1. 
Steel. 22*3-40. 



Tin. 54. 



If we put -t for the sum of the reciprocals of « 



1 + *. 



(39) 

(40) 



If we now insert for l\ those values which are to be regarded 
as most nearly correct, we may form an idea of the influence exerted 
by the greater or less conductivity, and the greater or less thickness 
of the walls of the heating surface, upon the coefficient of trans- 



According to Molier (and others) fc„ lies between 3,500 and 7,000. 

In order to obtain an idea of the retarding effect of the increasing 
thickness of the material of the heating surface, the Tables 10 and 
11 have been calculated. 

Table 10 gives, for the metals, copper, zinc, iron and lead, the 
values of the coefficient of transmission for thicknesses of 2-10 mm.. 
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when that coefficient is 100 for a thickness of 1 mm. The values 
are given on two assumptions : — 

1. The coefficient k = 3,500. 

2. k = 7,000. 

In practice k would rarely be greater than 3,500. 

Table 10. 

If the coefficient of transmission of heat, k, is 100 for a thickness in 
wall of 1 mm., then for greater thickness of 2-10 mm. it has the 
values given in the columns. 





Copper. 


Zinc. 


Iron. 


Lead. 


Thickness 
of 










| 


: 










wall. 


n = , n =■ 


n„ = 1 k = 


*„ = 


K = 


k = 


*„ = 




7000. ' 3500. 


7000. 3500. 


7000. 


3500. 


7000. 


3500. 


mm. 
1 




i 

I 100 




1 


| 






100 


100 


100 


j 

100 i 100 


100 


100 


2 


98 i 99 


94 1 97 


87 


93 


83 


90 


3 


96 ' 98 


89 1 94 


77 


86 


71 


82 


4 


94 ' 97 


84 1 91 


69 


80 


63 


75 


5 


92 ; 96 


80 


89 


63 | 76 


55 


69 


6 


90 


95 


76 


86 


57 


71 


50 


64 


7 


89 


94 


73 


83 


53 


68 


45 


60 


8 


87 


93 


69 


82 


49 1 64 


42 


56 


9 


86 92 


66 


79 


46 ; 61 


38 


53 


10 


84 1 91 


64 


77 


43 : 58 


36 50 



From this table it is seen that the coefficient of transmission, k % 
decreases the more, with increasing thickness of wall, the worse 
conductor is the metal. 

For copper, which is rarely used in thicknesses exceeding 1-4 
mm., the decrease in k with increasing thickness of wall is unim- 
portant, and may almost be neglected. 

With wrought iron, which is generally thicker, the thickness at 
once exerts an unfavourable influence, and in the case of cast-iron 
heating surfaces, which are made 10 mm. thick and more, the 
efficiency is very considerably diminished by these thicknesses. 

In the case of lead, which is used in thick-walled pipes, and has 
a low conductivity, the efficiency of the heating surface diminishes 
very rapidly with increasing thickness. 
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The nest, Table 11, shows the values of the coefficient of trans- 
mission for iron and lead heating surfaces, when they are of equal 
thickness with copper, the coefficient of transmission for the latter 
being taken as 100. tt will be seen that heating surfaces of iron 
and lead, of the same thickness of wall, have considerably lower 
efficiencies than those of copper ; the former metals are also generally 
used in greater thicknesses than copper. 



Table 11. 

When the coefficient of transmission of heat for copper in thicknesses 
of 1-10 mm. is taken at 100, the coefficient for iron and lead of 
equal thickness has the values given. 



ThickDess 
of 
wall. 


Copper. 


I„„. 


L-d. 


h, - 7000. 


&„ = 8500. 


h. - 7000. 


K = 3600. 


1 
2 
3 
4 
5 
6 
7 
8 
9 
10 


100 
100 
100 
100 
100 
100 
100 
100 
100 
100 


89 
77 
70 
64 
58 
55 
51 
48 
46 
44 


93 
87 
82 
77 
73 
70 
67 
63 
61 
60 


82 
■69 
60 
54 
49 
45 
42 
39 
37 
35 


90 
82 
75 
70 
63 
60 
57 
54 
51 
49 



Thick viscous liquids, which move slowly, acquire heat with more 
difficulty than water or dilute solutions, alcohol, etc., consequently 
the coefficient of transmission, k, is much lower, so that it may 
often be only 05, or even 0'2, of the coefficient for water, according 
to the consistency and nature of the liquid. 

Finally, there is still another hindrance to the transference of 
heat, which arises more or less in all cases — the incruttation or 
coating of the heating surface with more or less solid, pasty or 
crystalline formations, corresponding to boiler scale. All these 
precipitates adhere firmly to the hot surface, they conduct heat very 
badly, and thus diminish the efficiency to a great extent. Since 
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these hindrances are different in eacli single case, can never be 
exactly estimated beforehand, and afterwards can practically never 
be controlled, the figures obtained in practice for the transference 
of heat are appreciably smaller than those found by careful re- 
searches ; frequently the difference is so great that even the agreement 
of the action with the laws cannot be recognised. 

The conditions of the exchange of heat through metallic dia- 
phragms between gases, vapours and liquids, have not yet been 
elucidated with the desirable certainty by means of careful experi- 
ments conducted with large apparatus on a practical scale. A 
theoretical consideration of all the different practical cases is also 
wanting. Theoretical results, however, would not be directly 
applicable to the large scale practice owing to the varying difficulties 
which occur there. Thus, in the present condition of our knowledge, 
there is no other course than to consider the results and observations 
of the author and others, obtained from large apparatus in industrial 
use, whilst giving due regard to the rules, coefficients and laws 
obtained by experiment, unfortunately, as a rale, from very small 
apparatus. 

We shall at once endeavour to state such rules for the estimation 
of the necessary heating and cooling surfaces for the different cases 
which occur in practice. 

In all cases it is an advantage to make the passage of the gases, 
vapours ami liquids over the hot surface as rapid as possible. Thus, 
vortices and alterations in the direction of ilow favour the trans- 
ference of heat ; the more rapidly the liquids and gases flow through 
the pipes, and are driven over the heating surfaces, the more rapid 
is the transference of heat. A current of steam or gas, flowing 
rapidly through a pipe or flue of regular section, gives out heat more 
quickly than a current of steam, which, when led to a flat wide 
heating surface, spreads out over it to all sides as soon as it reaches 
it. The greatest loss of heat takes place at the spot where the 
hot current first touches the heating surface. 

Towards the end of long heating pipes and flues the temperature 
and pressure of vapours and gases sink, so that the end itself is 
almost inoperative. The shorter and narrower is a steam heathi-j 
pipe, the more efficient is Us surface. 

The hot space should always be kept free from air, and the water 
should be rapidly and completely removed. 



CHAPTER VIII. 

THE TRANSFERENCE OF HEAT FROM SATURATED STEAM IN 
PIPES (COILS) AND DOUBLE BOTTOMS. 

A. Evaporation and Heating by Means of Steam Pipes (Coils). 

Professor R. Molier in a fine compilation published by request 
of the Vereins deutscher Ingentenre in the society's Zeitschrift, 1897. 
Nog. 6 and 7, states that the most reliable data concerning the co- 
efficient of transmission, k, between steam and water are as follows : — 

Jn the case of water which is not boiliiuj, according to experiments 
by Ser on a horizontal tube of 10 mm. bore and 314 mm. long, the 
transference of heat increases approximately with the cube root of 
the velocity of the liquid, i>„ in m. per second. 

Molier calculated k r from the experiments of Ser : 

k t = 3300 l'v f (41) 

From numerous researches by Joule on vertical tubes of narrow 
bore, 

ft, =>1750Vt> (42) 

According to the experiments of G. A. Hageuianu (Nogle Trans- 
missions- Forsog) on an externally heated vertical tube, 49 mm. in 
external, 45 mm. in internal diameter and about 900 mm. long, 
through which water was passed at various velocities, in the case of 
non-boiling liquids the quantity of heat transmitted increases not 
only with the velocity of the liquid but also with the height of the 
temperature at which the transference of heat is effected. The higher 
the temperature of the hot steam, t d , and the temperatures of the 
liquid, t M and t,„ the more heat is transferred in one hour per sq. tn. 
per 1° C. difference in temperature. Molier deduces from Hagemann's 
experiments the following expression for ft, :— 



= 50 + | 1000 + loft, + ™£— ")} v o, . 



(43) 
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The figures, obtained by Nichol from experiments on a brass tube 
of 20 mm. bore, show a conside:-ablv greater transference of heat 
in the horizontal than in the vertical position. In the horizontal 
position about lo times as many calories were transmitted as in the 
vertical, viz the valuer found bv Nichol are lower than those of Ser. 

It would appear that at higher temperatures the Liquid is some- 
what more moru.e. and hence that greater differences of temperature 
may occur between its parts, which would then cause a greater 
movement over the hearing surface. That the horizontal position 
of the ho: pipe is favourable may well be explained by the immediate 
removal of heated particles of liquid from the hot surface, thus at 
once making piace for fresh particles. In or about a vertical pipe 
many particles o: liquid must remain in contact with the surface 
in rising. 

X In regard to the v.i>;.$*t*;v>jfV r- r ' hr:.it :•;■ boiiin.s loiter from satur- 
ated a team, experiments by C. Long. J. B. Morison and the brothers 
Sulzer. ?*re quoted in the same paper : the results of these experi- 
ments, which were certainly care full v executed, cannot, however, well 
be considered from the *ame point of view. 

From a consideration of the above-mentioned experiments, those 
of Jelinek |Z. d. V. fur R-.benzucker- Industrie. December. 1894). and 
some number of the author's own, the author comes to the conclusion 
that the empirical equation 

• 190 ° (44) 



s 



ai 



most accurately expresses the transmission of heat between steam 
and boiling water, in so far as cylindrical copper pipes, with steam 
inside, are concerned. 

With all due regard to such careful workers as Joule and Ser, 
the author is of the opinion that, from such small apparatus as that 
with which thev worked, safe conclusions cannot be drawn as to the 
relations- between steam and liquid on the much greater proportions 
of the' induct rial ^cale. 

It is quite certain that the temperature and pressure of the steam 
at the end of a long pipe surrounded by water in violent ebullition 
are considerably lower than at the beginning. It is also proved that 
those heating surfaces, or portions of heating surfaces, transmit the 
most heat, which are met and rapidly touched by the largest number 
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of molecules of steam. Similarly, steam at rest gives up the least 
heat. 

Steam which is blown into a large heating space, spreads out 
on all sides immediately after its entry ; it does not pass over the 
hot surface in a regular manner, and thus gives out its heat very 
slowly. 

In the author's opinion, observation teaches that the transmission 
of heat increases with decreasing diameter and with decreasing 
length of the tube, and apparently in such a manner that the 
transmission is inversely proportional to the square root of the pro- 
duct of these quantities. The smaller the diameter of the heating 
tube the more molecules of those which are passing through will 
come into contact with the walls. Since the largest quantity of heat 
is given up at the beginning, every tube becomes much less active 
towards the end. 

The equation 

"• Jil <44) 

is not in any way to be regarded as final; we know, indeed, that it 
is inaccurate. It appears that the increasing length of the heating 
pipe diminishes the transmission of heat in a somewhat less ratio 
than that of the square root. The equation is inaccurate for very 
short and very long tubes, but the want of results of sufficiently 
accurate experiments does not permit it to be corrected, and thus 
it must serve for the present, ft 

For comparison with this formula certain published experimental 
results may be quoted : — 

Jelinek, with a copper tube, 16 mm. bore, 12,000 mm. long, 
observed k, = 4494. 

Calculated, k. = -—^5 , 4309. 

VO-016 x 12 

Jelinek, with a copper tube, 10 mm. bore, 8200 mm. long, 
observed k, »= 5890. 

Calculated, k, = ~ r - 1 - 00 = 6643. 
70-01 x 8-2 

In this case the temperature difference was taken by Jelinek as 
the arithmetic mean of the initial and final temperatures of the steam, 
whilst it should have been calculated according to the principles laid 
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Thin heating tuU^s (steam pipes), about 1000. 
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Table 12. 

The coefficient of transmission of heat, k„ for one hour, 1° C. and 1 sq. 
m., between steam and boiling water, for copper heating coils of 
10-150 mm. bore and 1-30 m. length. 



Bora of the 
tube in huh. 


Length, I, of the tube in m. 


■20 ao 


1 2 
Coefficient 


4 


C 8 10 15 
mission of heat, fr., for coup 


of Iran 


d. 


pipes, heated inside. 




10 


19000 13470 


9500 


7714 6730.6012 4912 


4290 , 3570 


15 


15580111000 


7713 


6333:5495 4910 '3950 


3408 2833 


20 


13470! 9500 


6730 


5490 ! 4750 '4220 13408 


3007:2455 


25 


12000 


8520 


6012 


4910i4250i3800 


3100 


2687 2190 


30 


11000 


7714 


5490 


4510 1 3875 3408 


2835 


2455 2004 


35 


10190 


7272 


4900 


3900 13500 3200 


2640 


2270 1850 


40 


9500 


6730 


4750 


3875 : 3363 3007 


2455 


2110 1743 


45 


8950 


6333 


4510 


3600; 3165 12835 


2300 


2004 1 1610 


50 


8520: 6012 


4253 


3408 3007 ! 2687 


2190 


1900 1558 


60 


7714 5490 


3875 


3170.2740:2455 


2004 


1743 ; 1415 


70 


7200 5080 3600 


2930' 2540' 2270 


1890 


1610 1310 


ao 


6730 


4750 3363 


2740 2375! 2125 


1711 


1490 1225 


90 


6333 


4510 3170 


2580 224512004 


1610 


1410 1157 


100 


6012 


4290:3007 


2455 i 2135! 1900 


1558 


1364 1100 


125 


5714 


3800 2687 


21911 1820 j 1700 


1390 


1202! 982 


150 


4910 


3408 ; 2455 


2004 1-743 1555 


1266 


1100 ! 905 



The thickness of metal of the copper tubes is taken at about 2 mm. 
For wrought-iron pipes, about 3-5-4 mm. thick, the coefficient, 

k, = 0-75 of that for copper. 
„ cast „ ,, „ 10 mm. thick, the coefficient, 

k. = 0'50 of that for copper. 

„ lead ,, ,, ,, 10 mm. thick, the coefficient, 

k. = 0-45 of that for copper. 

1 n determining the dimensions of the heating surfaces of apparatus 
for the evaporation of water, the coefficient, k„ should only ho taken 
at about i of the above values, i.e.. 
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For copper tubes - - 0*66 of the figures in the table. 

,, wrought-iron tubes - 0*50 ,, ,, „ 

,, cast-iron tubes - - 0*33 ,, ,, ,, 

,, lead tubes - - - 0*30 ,, ,, „ 

For liquids which contain 10-25 per cent, of solid matter in 
solution, the coefficients, k r , are only about j as large as those just 
given, i.e., 

For copper tubes - - 0*5 of the figures in the table. 

,, wrought-iron tubes - 04 ,, ,, ,, 

,, cast-iron tubes - - 0*25 „ ,, ,, 

,, lead tubes - - - 0225 ,, ,, ,, 

The equation (44) may now be somewhat transformed. Multi- 
plying numerator and denominator by Vrr, the expression under the 
square root sign becomes equal to the heating surface, H ¥ , thus 

l - HMpJ* - 1900^/ff _ 1900x1 772 _ 3367 ... 

' ~ ~Jdl N 4 " ~JrM J S, ~ ~ Jti. ' ( ' 

If we now insert this value for A*„ in the equation for the total 
transmission of heat by the surface H 9 — 

C = H v . m . k„ 
w r e obtain 

C = 3367 s/ll.0 m .* (46) 

which may be expressed in words : the heat transmitted in unit time 
by the surface, II „, is proportional to the square root of the surface. 

As has been said above, this equation is not quite correct, but 
the efficiency of larger surfaces is somewhat greater, and of smaller 
surfaces somewhat smaller, than would correspond to the equation. 
But the results obtained bv its means, of all known to the writer, 
agree most nearly with the reality. 

Having regard to the diminution in efficiency caused by incrusta- 
tions, incomplete removal of air, etc., we may take for the calculation 
of the actual heating surfaces' the equations 

C = 2200 m y/H r (47) 

Msatfir) 1 (48) 
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which may be applied with some confidence to copper heating tubes 
for the evaporation of water. 

Table 13 has been calculated by means of these equations, it 
gives the number of kilos, of water evaporated in one hour by copper 
tubes of 10-150 mm. diameter and '2-40 mm. length, with 1" difference 
in temperature between the steam and boiling water. This table 
will serve for the rapid calculation of the proper dimensions of the 
beating tubes in any case under consideration. 

With sufficiently short tubes the real temperature difference, 0„, 
to be expected, is only about 10 per cent, less than the calculated. 

If not water, but a thin solution of 10-25 per cent, strength is to 
lie evaporated, copper coils give about 075, wrought-iron about 0*6, 
cast-iron about 04, and lead about 0-33 of the results quoted in the 
table. 

From viscid, thick and crystallising liquids, containing very little 
water, the hourly evaporation of water by means of heating coils 
is much smaller, vis., for copper about 0«5, wrought-iron about 0^40, 
cast-iron about 0-25, and lead about 0"225 of the weights given in 
Table 13. 

Steam at a pressure of 3-4 atmospheres, in narrow and not too long 
copper coils, is found in practice to evaporate to the atmosphere 
about 100 litres of water in one hour per 1 so,, m. ; with very small 
heating surfaces more (up to 130 litres), and with larger, less. 

With 1 sq. m. of heating surface, heated by steam at 3-4 atmos- 
pheres, 800-1200 litres of water may be heated in 1 hour from 10° to 
100' C. when the water is not specially moved, yet the efficiency of 
the heating surface varies greatly and depends on the velocity of the 
steam (see" Chapter XXI.). 

B. The Dimensions of Steam Tubes (Coils). 

The ratio of the diameter to the length of a tubular heating 
surface is far from being without influence on the proper action 
of the surface. In very long pipes, in which the steam moves with 
great velocity, the pressure falls considerably towards the end, and 
thus the available temperature difference sinks appreciably. 

When the steam enters at high velocities the coefficient of trans- 
mission of heat is greater than when the velocity is lower, but the 
pressure and temperature, which sink rapidly in the first case, 
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Table 13 — (continued). 
Internal diameter of the heating tuba in m 



90 100 125 150 



4-62 583 i 614 



10 00 1 

G'fi4 

10-22 1 
0--H 
1046 1 



I 8-56 : 1020 

t 1170 1284 

I R-9G 10'7f 

1 1200 1312 

-. 9-S8 11-27 

I 12 24 13 44 
I' 11*70 



878. 948 10 10 10-69 1130 12 52 1371 



8-20 10-21 12-25 

9 60 10 32 10 89 11 45 12 80 14 00 
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Absolute pressure 

of steam, atmos., 5 4 3 2 15 125 08324 0466 

- t - 275 250 225 200 175 150 125 100 

For any other difference in temperature, 0„„ the highest value of the 

ratio -y- is then 

' f i - 6l 

rf i dJe' m ^ 

For the sake of convenience in calculation it may be stated that 
the values of 0-'125cy for the above steam pressures are 

»J97, 817, 631, 438, 340, 288, 203, lift 

If the steam is to be used in the heating tube at its original high 
pressure, and, consequently, its highest temperature, it must not be 
throttled on entering the tube. The valve admitting the steam must 
be of fair dimensions. "y- 

If the highest available steam pressure is required to be exerted 
in the coil, then the velocity of the steam on entering may be 30 m. 
If, on the other hand, a certain fall in pressure from the main steam 
pipe to the heating tube is permissible, the steam may enter with a 
velocity of 50-60 m. The latter is regularly the case, when the 
available steam pressure is higher than is required in the coil. 

Table 14 may assist in the choice of the steam valve. In it are 
given the weights of steam at different pressures which pass in one 
hour with a velocity of 30 in, through valves of 10-350 mm. diameter. 
For higher or lower velocities the weight of steam admitted is natur- 
ally proportionately larger or smaller. 

Example. — The dimension* of a steam coil are to be determined, by which ill' 
one hour 300 kilo*, of water, or 300 kilos, of dilute alcohol (60 per cent, by weight), 
or 300 kilos, of ether, can be evaporated, when the available steam in at a pressure 
of 4 or 1 25 atmos. absolute. 

The heat of evaporation of 1 kilo, of dilute alcohol vapour of 60 percent, strength 
by weight is 375 calories, i.tr., as large as for rrj; = 0-7 kilo, of water. Thus, in re- 



gard to the consumption of heat, 300 kilos, of the 


vapoui 


of » 




' + alcohol 


are 


equivalent to 210 kilos. 


of steam. 












The heat of evaporation ol 1 kilo, of ether is 


97 calorics, 


the 


is 300 kilo* 


of 


ether are equivalent Co 
















tfOO ~ = 5+ kilos, of steam. 
4 
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Table 14. 

The weight of steam which enters with the Telocity r 4 = 30 m. and at 

mm. diameter, without 



v 



t ~ 



V. 






x 



^2 



Diameter 



10 15 202530354045505560 



Weight of steam, in kilos, per 



1-00 


100 


5 


12 


20 


£2 


46 


63 


82 


103 


126 


154 


184 


1-85 


106 


6*3 


14-3 


25 


40 


57 


78 


101 


132 


158 


191 


278 


1-50 


i 112 


7-5 


17 


30 


47 


69 


92 


120 


164 


188 


227 


270 


2 


121 


10 


23 


39 


63 


88 


120 


157 


200 


245 


298 


355 


2-5 


128 


12 


28 


48 


76 


110 


149 


194 


245 


304 


367 


438 


3 


134 


14 


32 


56 


89 


128 


173 


225 


285 


353 


428 


510 


4 


144 


19 i 


43 


76 


130 


170 : 


231 


300 


280 


471 


570 


680 


5 


152 


27 


53 


93 


146 i 


210 


285 


372 


472 


583 


705 


841 



Thus there are to be evaporated 

800 kilos, of water, 300 kilos, of alcohol + water, 300 kilos, of ether, 
or 800 „ „ 210 „ water, 54 „ water. 

The boiling 
point™ 100° 92-5° 37° 

[a) For steam at 3 atmos. ( = 4 atmos. absolute) = 144° C. 
The temp. din*. 

is thus 44° 51-5° 107° 

We shall assume that in reality the temperature difference is about 10 per 
cent, less, 
i.e., 40° 46° 96° 

For 1° temperature difference the heating tube must evaporate 

; A - = 7*5 kilos., 7 - = 4*56 kilos., — 

4U *** 



= 0*506 kilo, of water. 



10 mm. x 0*6 m. 
= 0-025 m. 



46 ' 96 

From Table 18 we now find that there is required 

1 tube of 60 mm. x 18 m. 40 mm. x 10 m. 

= 8*62 sq. m. = 1*85 sq. m. 

or 2 lubes of 40 mm. x 7 m. 25 mm. x 4 m. — 

= 1*92 sq. m. = 0*72 sq. m. — • 

or 3 „ 80 mm. x 4 m. — — 

= 1*29 sq. m. — — 

(6) For steam of 0*25 atmos. (=1*25 atmos. absolute) = 106*38° C. 
The temp, 
diff. is 6*38° 13*88° 69*38° 



AK 
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THE DIMENSIONS OF STEAM TUBES. 



pressures of 1-5 atmos. absolute in one hour, through valves of 10-350 
sensible loss of pressure. 



of (he steam valve in mm. 


6ft | 70 80 90 100 135 150 


175 


200 


250 


300 


850 


hour, which enters with a velocity of 30 m. 


215' 350 


325 


413 1 505 


802 


1144 


1560 


2192 


8206 


4576 


6254 


267 ' 330 


403 


527 1 632 


993 


1422 


1932 


2529 


3972 


5688 


7743 


317 367 


429 


657 ' 753 


1172 


1079 


2292 


3000 


4686 


6714 


9133 


115 483 


628 


795 1 980 


1533 


2209 


3014 


3933 


6143 


8816 




513 596 


774 


980 1214 


1895 


2726 


3717 


4862 


7600 






597 693 


900 


1144 1413 


2209 


3180 


4406 


5764 








796 926 


1204 


1520 1 1881 


3004 


1254 


5820 










985 ' 1143 


1485 


1888 1 2332 


3704 


5247 













The real temperature difference is again assumed to be about 10 per cent. 



Thus for 1° temperature difference the hot tube must evaporate 
E = 54-6 kilos. ~ = 17-5 kilos. j£ = 086 kilo. 



5-5 



12 " 



1 tube of 10 mm. x 1 r 

= o-04 sq. d 



From Table 13 we now find there are required 

3 tubes of 150 mm. x 40 m. 1 tube of 150 mm. x 89 m 

= 57eq.m. =19-lnq.n 

or* „ 150 mm. x 24 m. 2 tubes of 100 mm. x 15 m 

= 47 aq. m. = 9-9 aq. m. — 

orG „ 100mm,xl5m. 3 „ 60mm.xllm. — 

-" = 29-7 sq. m. - 6-6 sq. m. — 

or 8 „ 80 mm. x 12 m. — — 

= 36-8»q.m. — — 

= 12*2 sq. m. — — 

I s \ heating surface for evaporating may be constructed to consist 
of a single tube, diminishing in diameter towards the end either 
gradually or in steps, or of several parallel tubes, the number of 
which is diminished towards the end (e.g., from 4 to 3, to 2, to 1). 
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The researches published up to the present show that the coeffi- 
cient of transmission for such heating surfaces is not less than for 
short tubes of equal length of the same section throughout. 

Since, however, as soon as the length becomes somewhat con- 
siderable in proportion to the diameter (I = 600 d to 800 d) t the 
pressure of steam in the tube sinks to a great extent towards the 
end, the difference in temperature between steam and liquid also 
sinks inconveniently, and the evaporation per sq. m. becomes small. 

Short narrow tubes make the most efficient heating surface. v 




Fig. 6. 

KxampU.—An actual case (see Fig. 6). Eight equal horizontal brass tubes (70 
per cent, of copper), of 10 mm. bore, 12 mm. external diameter and 3000 mm. 
length, supplied with steam at 111-98° G. on entering, 1032° C. on leaving, evapor- 
ated in one hour at 100° C. 141 litres of water, originally at 23°. The total 
heating surface is H, = 1-8 sq. m. 

The difference in temperature at the beginning is 0„ = 11-93°. 

end is 0, = 3-2°. 

The mean temperature difference would be obtained from Table 1 : (since 

—^ = 0*269), *,„ = 0*56 x 11-93 = 6-68°. 

Since, however, the first portion of the heating surface is larger than the 
second, 6 m must be taken as 7*1°, hence the observed coefficient of transmission, 

. 141(635 - 23) „--_ 

*■ = 7-1 xi-8 =™00approx. 

1*8 
The average heating surface for 1 tube is -=- = 0*225 sq. m., from which we 

obtain the calculated coefficient, 

*■ = J5L = 7090. 
s 0*225 
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C. Evaporation and Heating by Means of Double Bottoms 
and Wide Jackets- 
Steam admitted to double bottoms or wide cylindrical jackets, 
the other surface of which is in contact with boiling liquid, does not 
pass over the whole heating surfaoe as regularly, and is not forced on 
to the heating surface in the same manner, as iu a coil. Immediately 
after it enters the wide apace, the steam spreads and takes the 
shortest path to the open. This is probably the reason why the 
results of experiments on evaporation in jacketed pans do not show 
a regular relation between the transference f heat aud the size of 
the heating surface, which was the case with heating coils. Large 
and small jacketed pans give almost the same transference of heat 
The published values for k, vary greatly, they range from k, =» 1300 
to ft, = 3300. The chief cause of the variation is probably the 
incomplete removal of air. On an average it may be taken that, 
in evaporating water in a copper pan with a double bottom or jacket, 
k. = 1400 to 1800 ; for bottoms up to 1 m. in diameter k, - 1800, 
from 1 to 1*3 m. diameter k, — 1700, from 1-5-2 m. diameter 
k, = 1600, and for larger pans k, = 1400. The transmission of heat 
by copper double bottoms for the evaporation of water is thus : — 

C = Hej.400 to H$„18O0 (51) 

In the case of small pans up to 1 m. in diameter, the mean 
difference in temperature during boiling may be assumed to be about 
085 of that at the steam entrance ; with pans of 1-2 m. diameter about 
0'75, and with larger pans about 065 of the same amount. But all 
these figures are somewhat variable, and it is not yet possible to 
ascertain what causes produce, now a larger, and then a smaller, 
fall in pressure in the double bottom in each case. The distance 
from the boiler, the bore of the steam pipe, the loss of heat in it, the 
kind of pan, the form and nature of the steam entrance and its width 
all play a part. 

With steam at 3-4 atmospheres pressure iu the boiler it will be 
found that, in an open pan with a double bottom of about 1-2 sq. 
m., 80-100 litres of water are evaporated in one hour per sq. m. from 
quite dilute solutions. In larger pans the efficiency is somewhat 
smaller. In this case it is very advisable to arrange several entrances 
for the steam, by which the efficiency is considerably increased. 
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By means of equation (51) die following &nzres have been calcu- 
lated, showing how great an evaporation of water per hoar may be 
expected with copper doable pans of 500-3000 mm. diameter, with 
one <*team entrance and steam pressures of 2-5 atmospheres absolute. 

Diameter of cne bottom in. mm 

500 800 1000 1250 1500 1750 2000 ±250 2500 2750 3000 

Depth of she bottom in mm. 

200 300 400 500 550 600 600 700 800 900 1000 

Heating surface of the bottom in so. m. 

0-330-79 1-26 2-02 2 7 3^2 4 3 5 5 6 8 8-5 10 36 



Atmo*. 
aim. Water evaporated in Litre* per hoar. 

2 185 44 56 95 127 163 190 193 238 297 360 

30 62 92 159 212 271 300 315 388 488 590 

44 104 132 -209 280 358 400 420 503 627 766 

\b 50 117 156 248 330 421 500 525 583 726 888 



12 18 
|Js I 

in 



If 2-4 steam inlets are provided for the larger pans, the hourly 
evaporation may be half as much again as here given. 

KzampU. — It wan observed that, in a douole- bottomed pan of 3450 mm. 
diameter (11 '2 *q. m. heating surface), in one hoar there were evaporated by 
ffteam of 2-2-5 atmo». absolute pressure 1200 litres = 107 litres per sq. m. ; 
by steam of 2*5-3 atmo*. absolute, 1500 litres = 134 litre* per sq. m. (four steam 
entrance*). 

If the water in a double pan is not boilimj, but is only to be 
warmed by the steam, on account of the low temperature of the water 
the difference in temperature between steam and water is considerably 
greater than when the water boils. The tension of the steam then 
usually falls considerably even at the entrance, and when the heating 
commences is often zero at the side opposite the entrance. As the 
temperature of the water rises, the tension of the steam in the steam 
space also increases. It may be assumed that the mean difference in 
temperature m , between steam and water during the whole period 
of heating until boiling commences, is about half the difference 
tetween the temperature of the hot steam, t d , and that of the liquid 
at first, t f . 

9m = o ' 
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The coefficient of transmission, having regard to incrustations, 
is k. m 1400. 

Thus, during the period of warming, the following quantities of 
heat are conveyed to the non-boiling liquid in one hour through a 
copper double bottom heated by steam : — 

C = HOOffft. = 700ff(i„ - (,) (52) 

to C - 180050,. = 900H(I d - t,), 
from which the heating surface may be calculated for any case. 

In most cases, in which steam of about 3-5 atmospheres pressure 
(130°-160° C.) is supplied to the pan, 1000 litres of water can be 
heated in 1 hour from 10° to 100 s C. per 1 sq. m. of double bottom. 
If the liquid to be heated is thicker and less mobile than water, only 
a smaller efficiency can be expected. As the example in Chapter 
VII. shows, the transmission of heat increases as the temperature 
of the liquid rises, 

Examples. — The following are actual observations : — 
720 litres of water were heated from 13° to 100° C. in 38 mine, by 1-2 sq. m. (diameter 

of pan 1000 mm.) by means of steam at 3j atmos. pressure, i.e., 1285 litres 

per sq. m. per hour. 
640 litres of water were heated from 12° to 100° C. in 30 mins.by 1'2 sq. m, (diameter 

of pan 1000 mm.) bj means ot steam at .11 atmos. pressure, ■.*., 1068 litres 

per sq. m. per hour. 
89-6 litres of water were heated from 20° to 100° C. in 16 mins. bj 1-46 sq. m. (dia- 
meter of pan 540 mm.) by means of steam at 4 atmos. pressure, i.e., 746 

litres per sq. in. per hour. 
1076 litres of water were heated from 1925° to 100° C. in 47 mins. by 1-5 sq. m. 

(diameter of pan 1295 mm.) by means of steam at 3} atmos. pressure, i.e., 

921 litres per sq. m. per hour. 
4200 litres of mash were heated from 52-5° to 100° C. in 46 mins. by 46 sq. m. 

(diameter of bottom of pan 2460 mm.) by means of steam at 100° to 139° C. 

in the double bottom, i.e., 970 litres per sq. m. per hour. 
5000 litres of mash were heated from 65° to 100° C. in 20 mins. by 5-8 sq. m. (dia- 
meter of bottom of pan 2450 mm.) by means of steam at 3-5 atmos. 

absolute, i4., 2596 litres per sq. m. per hour (two steam inlets and stirrer), 
21,000 litres of wort were heated from 68-6° to 100° C. in 50 mins. by 11-2 sq. m. 

(diameter of bottom of pan 3400 mm.) by means of steam at 3'6 atmos. 

absolute, i.e., 2256 litres per sq. m. per hour (four steam inlets). 



CHAPTEB IX. 

KVAPOKATION IN A YACTTM. 

A \ ac l cm apparatus ib a closed vessel, healed by steam. 01 luore 
rarely by tire, and in which a lower pressure than thai of the atmos- 
phere ii» maintained by suitable arrangements. The diminished 
pre** ure- -the vacuum —is obtained by leading the vapours, evolved 
from the liquid which is evaporating in the apparatus, through the 
bhortohl possible pipe into a second closed vessel — the condenser — 
where they are precipitated directly by a jet of water or on well cooled* 
metallic surfaces. 

in completely closed vessels a diminution of pressure, a vacuum, 
a partial absence of air, or even a complete loss of pressure, would 
arise through the liquefaction and disappearance of vapour alone, if 
air did not a! way* enter from the evaporating liquid, the injected 
water, or by leakage* (always present) in the walls of the apparatus. 
Thin air must be removed from every vacuum apparatus, thus an air- 
pump is always essential. 

A vacuum may be indeed obtained by condensing the vapours 
evolved from a closed vessel, but it will soon be decreased, since air 
enters from the liquid, from the water and through leaks. Without 
pumping out the air, a lasting vacuum cannot lie obtained. 

The dimensions of the pipes, condenser and air-pump will be 
Ireated in later chapters. 

A vacuum apparatus may he made of any resistant form : spherical, 
egg-shaped, erect, horizontal, cylindrical, conical ; it may be made 
of wrought-iron, cast-iron, copper, brass, lead or tin, also of earthen- 
ware, glass or porcelain ; it may be heated by steam (coils, double 
bottoms, systems of tubes), by hot liquids, or it may stand on the open 
fire, tivcrything depends on the properties of the material which is 
boil in treated ami the end it is desired to obtain. 
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Since a portion of the liquid, which is drawn into the vaefautn 
apparatus, is evaporated and the residue remains, the capacity in 
most cases need not be as great as the volume o! the dilute liquid 
to be evaporated within a definite time, but only sufficiently large 
to contain the evaporated liquid. In order to preserve a constant 
level in the apparatus the dilute liquid may be fed in as required. 
There are, however, occasional cases in whioh it is not. permissible 
to feed after the commencement, the contents of the apparatus must 
then be equal to the volume of the dilute liquor. 

The proportion of the heating surface to the capacity depends on 
the object of the vacuum apparatus. For many liquids it is desirable 
to keep them in the vacuum as short a time as possible ; large 
heating surfaces and a small capacity will then be used. In other 
cases, in order to obtain crystals, the charge may be gradually 
increased. Experience must here be the guide as to the proportion 
of heating surface, which depends on the duration of crystallisation ; 
no universal rule can be made, except that the capacity is arranged 
to correspond with the desired output, and the heating surface with 
the time in which a definite amount of water (or of liquid) is to he 
removed from the contents. 

The first advantage of evaporating in a vacuum over evaporation 
ut atmospheric pressure is that in vacuo all liquids boil and evaporate 
at considerably lower temperatures than under atmospheric pressure, 
thus there is a greater difference in temperature between the heating 
steam and the boiling liquid, and, consequently, a much greater 
transmission of heat per sq. m. of heating surface. In fact for 
heating purpose in vacuo steam of very low pressure, at 100° C. or 
lower, may be used with great success. The exhaust steam from 
engines and other sources may be profitably utilised, for since the 
boiling points of most liquids are 40° C, or more, lower in vacuo, there 
is always still a great difference in temperature. 

Liquids, which boil at higher temperatures (180°- 200"- 210° 0.), can 
generally not be evaporated under atmospheric pressure by means 
of high pressure steam, since steam would be required of such high 
temperatures, and, therefore, high pressures, that its application 
would be inconvenient, if not dangerous. The boiling points of 
these liquids fall, however, in the vacuum apparatus, so that steam 
of moderate pressure, as generally employed, may be used. In a 
vacuum, rapid evaporation may be expected if there is a difference 
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Tim*, if thi; ^/ilifjg jfX/irjt of one liquid be known at two pressures, 
l\n: lriilin% [K/iut of another liquid at one of these pressures, and also 
the conifUnt // for the*e two liquids, hy means of this rule the boiling 
point of the *tmou<\ li/piid at all other pressures may be calculated. 

Now if water he taken an the standard liquid, since its boiling 
point** at different pressures are most accurately known, and, further, 
if I atmoH. absolute Iks taken as one of the common pressures, since 
the l*oilifi|{ |K>iutH of most liquids at this pressure have been carefully 
determined, then hy means of this rule we can calculate the boiling 
(NiintH of all these liquids for all pressures, for which the constant q 
in known, or we <wui calculate the constant q for all the liquids, of 
whieh the hoiliux point has hei*n observed at a second pressure. 
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Let t f = the boiling point of one liquid at a pressure of 1 atmos. 

absolute, 
t\ = the required boiling point of the same liquid at another 

pressure, 
t w = the boiling point of water at 1 atmos. pressure, 
t l w — „ ,, ,, at the other pressure, 

then t f - t\ = (j(100 - t\) 

or t\ =t,~ g(100 - fi w ) (54) 

Example. — The boiling point of alcohol at a pressure of 1 atmos. is t f = 
78*26° C, that of water at 60 mm. pressure is I 1 * = 40° C. f the constant for alcohol 
is q = 0*904 (Duhring), thus the boiling point of alcohol at 60 mm. pressure is 

t x f = 78*26 - 0-904(100 - 40) = 24-02° C. 

The constants q for about forty different liquids are given in 
Duhring's book (see above), by means of them Table 15 has been calcu- 
lated, it gives for a number of liquids the boiling points under several 
diminished pressures, viz., at vacua of 526, 611, 710 and 750 mm. 



Table 15. 

The boiling points of certain liquids at vacua of 526, 611, 710 
and 750 mm., calculated by Duhring's rule. 



Water - - - - 
Alcohol' --- 
Ether .... 
Acetic acid- • - 
Benzene ... 
Turpentine (oil of) 
Butyric acid - - 
Glycerin ... 
Mercury ... 
0-Naphthol - - 
Carbolic acid - - 
Cre8ol .... 



Con- 
stant. 



0-904 
10 



1- 
1 
1 
1 
1 
2 
2 
1 
1 



164 
125 
329 
228 
25 



2 
2 





280 mm. 


189 mm. 


50 mm. 


760 mm. 


abs. 


abs. 


abs. 


aba. 


526 mm. 


611 mm. 


710 mm. 




vac. 


vac. 


vac. 



10 mm. 

abs. 
750 mm. 

vac.* 



Boiling points, fl f . 



100 


70 


78-26 


5114 


34-97 


4-97 


119-7 


84-58 


80-36 


46-61 


15915 


119-28 


161-70 


124-86 


290 


252-5 


357-25 


297-25 


290 


230 


178 


142 


190 


154 



60 

421 
-503 

73-17 

35-36 
106 
111-6 
240 
277-25 
210 
130 
145 



40 
24 02 

-2502 
49-84 
12-86 
79-81 
8702 

215 

237-25 

170 

104 

118 



10 

-31 
-5509 

15 
-20-9 

29-54 

51-2 
177-5 
177-25 
110 

70 

82 



?J) EVAPORATE* AND tOyDENSDfG APPARATTS- 

Th* Mcr/nd •prtat adr*nza>it of evaporating in a racuwm is that the 
li>] aid doe* not become as hoc as a; atmospheric pressure, and that 
*lao the heating surfaces, since steam of a lower pressure is used, 
remain at a lower temperature — both great advantages, and even 
necessary for certain industries which deal with organic materials, such 
as milk, blood, gelatine, albumin. These substances require, if they 
are not to turn brown, or coagulate, not only that they themselves 
shall be evaporated at a low temperature (60\ 50% 4Sf G), but also 
that the heating surface shall not be too hot, in fact, shall not 
exceed certain limits which are different for each liquid. Now, as 
we have always observed, the side of the heating surface in contact 
with the liquid is always at a lower temperature than the side in 
contact with the heating medium, so that the latter may be somewhat 
wanner than the liquid may become, since the liquid never attains 
the highest temperature. This is, however, only the case when the 
liquid moves rapidly over the 'heating surface, so that its molecules 
have not time to attain a higher temperature and be injured thereby. 
Stirrers and violent ebullition afford a good protection against local 
overheating in liquids ; however, these means are often insufficient, 
and then the best method consists in keeping the temperature of 
the steam so low that no damage may be done under the most 
unfavourable conditions. This is attained in a happy manner by the 
evaporation apparatus of C. Heckmann, Ger. Pat. No. 60,588. 

The transference of heat between steam and liquid in vacuo is 
greater than at ordinary pressures, corresponding to the greater 
difference in temperature. Equation (47) may be used to calculate 
the heating surface, consisting of tubes containing steam, for vacuum 

evaporating apparatus— H r = / 22000/ ' 

Table 13 gives the evaporative efficiency of copper heating coils 
for vacuum apparatus also. 

In the case of double bottoms it may be assumed that the trans- 
mission of heat takes place in vacuo according to equation (51). 

C\ = US J (51) 

in which, For water, k r = 1600 ; 

,, thin liquors, k, = 1200; 
„ thick „ A'„ = 900-500. 
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Experience shows that in a vacuum apparatus at 650 mm. vacuum, 
there are evaporated in one hour per 1 sq. m. of heating surface : — 



With exhaust steam at 110° C, from water 

thin liquors - 
thick „ 
high pressure steam at 130° C, from water 

„ thin liquors 
,. thick ,, 



»» 



»» 



i> 



!» 



*» 



>* 



»* 



}} 



100-110 litres. 

60- 70 

30- 45 
130-175 

80-100 

40- 55 



CHAPTER X. 

THE irLT-TTPLE EFFECT EVAPORATOR. 

Tkk processes which occur in a multiple evaporator, both in regard 
:o the efficiency and the consumption of steam, are somewhat more 
complicated than in a simple evaporator, and not at first sight 
comprehensible. They will, therefore, he treated at some length. 
In considering these evaporators there are two questions of principal 
importance, which will be dealt with in the present chapter : — 

A. How much water is converted into steam in each separate 
vessel of the multiple evaporator, and how much heating steam does 
each consume ? 

h. What is the composition (percentage of solid or dry matter) 
of the liquor in each vessel'. 1 

A. The Evaporative Capacity of Each Vessel 

depends on the following conditions : — 

1. The temperature and pressure of the heating steam. 

2. The temperature and pressure of the steam produced in each 

separate vessel. 
H. The extent to which the liquid is to be thickened, and its 
specific gravity. 

4. The nature of the liquid, with regard to the ease with which 

it evolves steam. 

5. The height of the boiling layer of liquid in each vessel. 

0. Whether steam is withdrawn only from the first, or also from 
the following vessels (" extra steam," which may be used 
for heating other apparatus). 

7. Whether the condensed water, from the steam used for heat- 
ing, is separately removed from each vessel or whether it 
all leaves with the temperature of the last vessel. 
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It will be assumed at first that the liquid to be evaporated is 
introduced into the first vessel at the temperature therein prevailing, 
so that no expenditure of heat is required for raising the temperature 
in the first vessel. 

It will be at once seen that the influence of all the above- 
mentioned conditions on the evaporative capacity cannot, be ex- 
pressed in figures, if the results of experience and experiment are not 
specially employed to assist. However, the conditions of each case, 
though expressed definitely in figures, may change so entirely and 
produce so many variations, that conclusions applicable in all cases 
cannot be drawn from a few cases, without great inaccuracy. 

The process of evaporation is as follows : — 

The steam from the liquor in the first vessel, D 1 , produced by 
the action of the hot steam, D,„ which is supplied externally, passes 
into the heating chamber of the second vessel, there in its turn 
produces vapour from the liquid, and is condensed, escaping with 
the temperature, /„.,, prevailing in the lower part of the liquid in that 
second vessel. The weight of liquid, W, which has lost the weight 
of water, D,, by evaporation in the first vessel, and which, con- 
sequently, now weighs W - D v passes, at the mean temperature, 
t ml , of the first vessel, into the seco'td vessel, in which the mean 
temperature is only t„ t . Thus, in cooling from („„ to t m ,, it must 
form steam. If c, be the total heat of the steam in the second 
vessel, then by reason of the hotter liquor entering from the first 
vessel 

(H--c,K..,-^) 

kilos, of steam must be evolved. 

In the second vessel steam is thus evolved both by reason of the 
heat of the hot liquid itself and also because of the steam, D lt coming 
from the first vessel. 

In the third vessel steam is produced both by the heat of the 
entering liquor (W - />, £>,) and also by reason of the heat of 
the steam, D v which is the total steam produced in the second 
vessel. 

In the fourth and following vessels similar actions are produced, 
so that, in addition to the repeated action of the hot steam, there 
is also the repeated action of the steam produced by the decrease 
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in temperature of the liquor. Since 1 kilo, of steam at 100° C. contains 
more heat than 1 kilo, of steam at 60° C, it follows that 1 kilo, of 
hot steam at 100" will produce more than 1 kilo, of steam at 60 D . 
Neglecting the effects of higher boiling points and high columns of 
liquid, and considering simply the action of the steam, we find that 
1 kilo, of steam, evolved in one vessel, must always produce more than 
1 kilo, of steam in the nest vessel, since the total heat (sensible and 
latent) of the hot steam is used, minus the quantity of heat carried 
away in the condensed water, the temperature of which is equal 
to that of the boiling liquid in the second vessel. In order to produce 
1 kilo, of steam from this boiling liquid, there is thus required the 
heat proper to 1 kilo, of steam mitats the quantity of heat contained 
in the liquid. 







T.^k 



H 



X?w 



This purely schematic process suffers alterations by reason of 
the conditions enumerated above. 

Although, as we shall see later, the somewhat complicated for 
mulic, based on the principles just laid down for estimating the 
evaporative capacity of each single vessel, have no great practical 
value, yet they will be given here. 
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Figs. 7 and 8 give diagrammatic pictures of double and triple 
effect evaporators, in which the letters represent the conditions 
at their respective positions : — 

W =■ the weight of liquid introduced into the first vessel. 
U = the weight of liquid drawn from the last vessel. 
t f = the temperature of the liquid to be taken into the first 
vessel. 
D a = the weight of heating steam used in the first vessel. 
c a = the total heat in 1 kilo, of this steam. 
D,, D 3 , D 3 ■> the total weights of steam evolved in the vessels. 

Cj, c t , e, = the total heat in 1 kilo, of each of these quantities of steam. 
(,, tf, t t = the temperatures in the steam Bpaces of the vessels I., 
II., III. 
i-i. t~2. t_s = the temperatures of the middle layers of the liquor. 
'.i- '«ai '.9 ■ 'he temperatures in the lowest layers of the liquor. 
6„ b. lt b 3 = the weight of condensed water running out of t. he- 
vessels. 
The temperature of an evaporating liquid of any considerable depth 
is not the same at all parts, it is lowest at the top, highest at the bottom 
and has a mean value about the middle, since the specific gravity (which 
is almost always more than 1 and may reach 1-4), and the height of 
the column of liquid under which the vapour is evolved, cause a 
higher vapour pressure, and thus a higher temperature of vapour and. 
liquid. 

In order to obtain the equations representing the consumption of 
heat in the separate vessels, the following facts are utilised : — 

1. In the condition of equilibrium the quantity of heat supplied 

to one vessel must be equal to that which it gives out. 

2. The weight of the heating steam used in each vessel is equal 

to the weight of the condensed water formed in that vessel. 
For the double effect evaporator the following equations are 
deduced from these conditions: — 

D t - ft,, D, - b\, U - W - £, - D t (56) 

D, _ W - U - D, 
{W - D,)'-i + Dfy = -D,'.! + D &t + i w ~ D i - *>*)'-» 
B,Cj + Wt ml - D t t ml - Djt^ + Dfy + Ut mS 
A(*i - *-i - '.») - W-t - Wt mX + We, - Uc t - D& 

D % = W - U - D, (57) 

5 



k 



66 EVAPORATING AND CONDENSING APPARATUS. 

D = H'(Cj - UO - UjC, - t,„ 2 ) 

1 r 4. r " — / - / 

A A + »% = DA, + D lCx + (W - D t )t ml 



(58) 






(59) 



For the /rty>/<! effect evaporator the following equations are deduced 
from the same condition* : — 




D lCl + (W - D x )t mx = D& + (JP^ D x - DJt m2 + D^ 
D x c x + TI7 ml - Zy rol = LU, + Wt m , - Bj^ - Zy^ + D,t^ 

^1 ~ r _ / +7 "I/""" v w ; 

ZU, + (6' + ZX,)/^ = Zty B3 + D.f z + n^ 
Z)./., + CX. + Zy il42 = ZX,^ + D& + t'^ 

^i( C 2 - *.>*) + f'V-i - '■*) = ^3^3 - '«*) 

Z>! + A> + B :J = W - U 

^>( C 2 - ^2) - Wjf'-ml - *^) n 

V - / 4. / "_"/" + ^2 



^3 ~~ ^m2 



X)Yl. + ^ *=* + ?*. _ '»3\ + ^2_" <^) 

\ C \ + 'ma ~" */»l ~" '«2 C 3 ~ *"i2' C 3 "" ^2 

- T ?Vf U « =W-U . . (62) 

^1 — ^ml T 'mo — tug 

IV,, + in, = D lCi + D„t ul + ( W - !))<„, 
!>„<:„ + U't, = £>,<,-, + Zty.^ + Wt ml - D x t Ml 
DJfi„ - t ml ) + W(t, - t ml ) = D,( Cl - t ml ) 

A= ^K-i,^.»U_-J_»L) (63) 

It must be admitted that the formulae for the double effect are not 
very elegant, and for the triple effect are already exceedingly compli- 
cated; for the quadruple effect quite cumbrous formulae would be 
obtained, which are therefore not given here, and which, moreover, 
would not be applicable in practice. 

It would be possible, by means of these equations for the double 
and triple effect evaporators, to calculate the evaporative efficiency of 
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each single element, and the consumption of steam for the whole 
apparatus for any definite case, if the temperatures prevailing in each 
vessel were known. This is, however, d priori not the case, for in 
order to calculate the efficiency of an evaporator only the following 
are given : — 

1. The evaporation, W - U, to be accomplished in unit time. 

2. The temperature, („ at which the liquid enters. 

3. The temperature of the heating steam, L, and its total heat, c v . 

4. The vacuum in the last vessel, hence I., and c... 



The formula require, however, as has been said, a knowledge of a 
number of temperatures, which are conditioned by the form and size 
of the heating surfaces, the height of the boiling layer of liquid, and 
the specific gravity of the liquid, all of which are not known A priori. 

It would thus be necessary, if the above equations were to be 
utilised, to assume arbitrary values for these temperatures, without 
warranty that they would really be attained in the constructed 
apparatus. 

Thus the only possible way of reoognising the influence of all 
these conditions on the result, lies in calculating the evaporative 
capacity of the single parts of the apparatus for a large number of 
different conditions, chosen arbitrarily, with particular attention to 
limiting values. If the results so calculated be arranged in tabular 
form, then it will be fairly easy to see in each case how the result is 
altered when those conditions (temperatures, pressures, etc.,) are varied 
which are independent of the data. 

It is first necessary to consider in some detail the processes in the 
apparatus, before performing the calculations and arranging the tables. 

It is at once evident the amount of evaporation in each vessel is 
not the same, but rather is different in each, since the liquor, in 
passing from a warmer to a colder vessel, must use its excess of 
heat in evaporating water. The larger rf4he difference in temperature 
between two vessels, the larger will be this evaporation, which we 
may call the self-evaporation. The difference in temperature between 
the single vessels of an evaporator may be very different. 

It is of considerable importance to know how much hot steam 
must be supplied to the first vessel in order to accomplish a certain 
desired evaporation in the whole apparatus. Other conditions being 
the same, this necessary consumption of heating steam will be the 
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Thus, in the i+cond vessel thejweii'ht o: steam. ZX. is formed : 

/>/ = .*.. — 'i. = • — -r - - " — — . (DM 

Frorr; :r:e second vessel there goes ;«*•:• :/i«» riirj the liquor 
it' - Za - Ij. = II" - «. - *.. - d.-.. This liquor is at the tempera- 
ture t .„ and tails in the third vessel to the temperature t^. The 
difference in heat produces the weight of steam. *,. 

< \y - #f. - .*.. - J. M ; - f ) 
>.. = " —--.... (oo) 

The steam. *... produced by self -evaporation in the second vessel 
has the quantity of heat. c„: in the third vessel it evaporates the 
we ip hi of water. <r... 

^ = $ ---/- 5) {69) 

^3 " ' -3 

Finally, there comes into the third vessel the steam, »/. : , which in 
its turn produces the steam. <f a . 

rf = djc 2 - /.. 3 ) 

The total weight of steam. D 3 , produced in the third vessel is thus 
/A = x. 4 + <7. { -i- /7 ;J 

_ l H" - / ^ - s. 2 - (/■> )(/.„■., - /.„ 3 ) + (5. + d 2 Hi' s - / u3 ) ,«v 

In the fourth vessel there is formed by self -evaporation the 
steam, * 4 , 

(Tr - D, - Z> 2 - D,)(t m3 - t,J 

* 4 - /." I >" * * * * ''-V 

l 4 f ««4 

also the weight of steam, o- 4 , produced by the steam, $ 3 , 

_ __ ^ c 3 ~" 'm) #70\ 

^4 = ,■ . / {'*' 

l 4 '"4 

and tlie weight of steam, A 4 , produced by the steam, cr 3 , 

X 4 = ^£a_-^) (74) 

c 4 ~ l -*4 

Finally, the steam, d v produces in the fourth vessel the weight of 
steam, d 4 , 

d 4 - d * {c *~ -**) (75) 

C 4 *»«4 
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In the fourth vessel there is thus produced the total weight of 
steam, D v 
Z> 4 = s< + d 4 + <r« + A 4 

_ {W - (D, + D 3 + P 3 ) |(<„ 3 - j -) + (d 3 + s 3 + * 3 )(c 3 - (J (76) 

It is now necessary to make a deviation, in order to simplify 
these still very oomplex equations, especially in regard to the many 
different temperatures. 

It is known that the temperature of the boiling liquid is not the 
same in all parts ; at its surface the boiling liquid has the temperature 
of the vapour evolved — („ t. 2 , t 3 or l 4 — but at the bottom the steam 
bubbles have to penetrate the layer of liquid, they must therefore over- 
come a pressure corresponding to the column of liquid. Thus the 
steam must have a greater pressure at the bottom of the liquid than 
at the top, and to this pressure corresponds a higher temperature of 
the steam. 

If s, be the specific gravity of the boiling liquid, h, its height in 
metres, B the height of the water barometer = 10333 m., then the 
hydrostatic pressure at the lowest level of the liquid is, in atmospheres, 

r -"')?' (") 

or in millimetres of mercury, 

i-^V 5 <*» 

By means of this equation, the pressures of columns of liquid 
0-2 to 20 m. in height, of specific gravities, «,, from 10 to 14, have 
been calculated; the pressures are given in column 3 of Table 16. 
By adding to this pressure, the pressure above the liquid, the total 
pressure is obtained at the particular place, and thence, by means of 
the tables of Fliegner, Zeuner, etc. (see Table 9), the temperature of 
the vapour or liquid. The difference, („, - i„ is the number of degrees 
of temperature by which the liquid at the bottom must be hotter 
than at the surface, in order to evolve steam. 

In the diagram (Fig. 10) the abscisste give the pressures of water 
vapour from 0-2 atmos. in cms., the ordinate* the temperatures of the 
vapour at these pressures, according to Zeuner. By means of this 
diagram the temperatures in Table 16 were determined, by adding to 
the absolute pressure over the liquid the hydrostatic pressures given 
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in column 3, and then seeking in the diagram the temperature 

corresponding to the Bum. 



Curve showing the tempera tur 



)( steam at absolute pressures from 
i. of mercury. 
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F rample .- -At a vacuum of 663 mm. the absolute pressure is 92 mm. of 
mercury, the temperature of water vapour 50° C. A column, ft/ — 1 m. high, 
of liquid of the specific gravity, sj — 2, exerts a hydrostatio pressure, 



- = 147-1 mm. (equation 7 



at the bottom 



of the liquid is thus 92 + 147*1 = 239-1 mm. At this pressure the diagram in 
Ftg. 10 gives 70° C. The temperature of the liquid at the top is 50° C, thus the 
difference in temperature between top and bottom is (»i - 'i = W - W = 20° C. 

It will be Been from Table 16 that in the case of liquids under a 
pressure of 1 atraos. or more, the differences between the boiling points 
at the top and bottom are uot very great, and are even quite moderate 
when the specific gravity and the height of the column of boiling liquid 
are great. If, however, there is a vacuum above the liquid, the dif- 
ference between the upper and lower boiling points increases consider- 
ably, and, in the case of heavy liquids and high vacua, has a very 
disturbing effect. 

Tnere is, as we shall at once see, a circumstance which makes 
the retarding action on the heat transference of high columns of 
liquid less sensible, but in spite of that the rule remains that it is 
in the interest of a great evaporative capacity to diminish as far as 
possible the height of the boiling layer of liquid, in order to lose as 
little at possible of the fall in temperature. 
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The reason why the lower layers of violently boiling liquids, 
which are under the whole pressure of the column of liquid, are not 
at a temperature corresponding to their hydrostatic pressure, is the 
following : — 

Consider a steam bubble rising through the liquid as divided by 
a horizontal plane at its greatest section, then a greater pressure is 
exerted on the lower half from below than on the upper from above. 
If the steam bubble had the shape of a cylinder with vertical axis 
and horizontal ends, the difference in pressure would be equal to the 
pressure of a column of liquid of the height of the cylinder. If tbe 
babble were spherical, the difference in pressure would be equal to 
■ the height of a column of liquid of half the diameter of the sphere. 
(The upward force itself is equal to the weight of a quantity of liquid 
equal in volume to the bubble.) 

la large vessels, in which many steam bubbles are rising at all 
parts, the hydrostatic pressure is not altered on this account, also in 
tubular heaters a small layer of liquor on the wall of the tube, con- 
necting the liquid above and below the steam bubble, transmits the 
total hydrostatic pressure below. The larger and higher the bubble, 
the greater is the difference between the pressures acting on it from 
below and above, and this excess of pressure rapidly drives up the 
bubble and the liquid above it. 

The kinetic energy of the liquid thus produced often raises 
considerable quantities above the surface, which then fall back and 
sink down at less heated parts of the apparatus. There is thus 
produced a circulation : the boiling liquid rises rapidly on and above 
the heating surface, gives off its steam and excessive heat and then 
returns cooled to the bottom. 

The falling liquid is thus in fact cooler than it must be in order 
to form steam at the bottom, since it is only at the temperature of 
the surface. The difference in temperature (fall in temperature) 
between it and the heating steam is thus at first greater than it 
should be as a consequence of the hydrostatic pressure. 

It should not be assumed that the differences, of temperature, 
given in Table 16, between the upper and lower layers of boiling 
liquids, quite represent the actual conditions. These differences are 
in fact always less and only hold good for liquids at rest, which are 
not considered here. 

Since the heights of the columns of liquid are generally made as 
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Table 16. 

Increase in vapour pressure and rise in boiling point in the lowest 
gravities, s ft of 1-0-1-40, and steam pressures over the liquid of 



Temperature of evaporation at top - C. 
Absolute pressure at top - - mm. 
Vacuum at top - mm. 


116-4° 
1880 


111-7° 
1140 


106-3° 
950 


100° 
760 


Height of 

the liquid, 

hf. 


Specific 
gravity of 
the liquid. 


Hydrostatic 
pressure of 
the liquid. 

mm. of 


Temperature, in degrees Centigrade, 


Metres. 


1-0 


mercury. 
1549 










0-20 


00 


0-5 


0-5 


0-5 




11 


17 03 


00 


0-5 


0-5 


0-5 




1-2 


18-58 


00 


0-5 


0-5 


0-5 




1-3 


2013 


0-5 


0-5 


0-5 


1 




1-4 


21-68 


0-5 


05 


0-5 


1 


0-50 


10 


38-73 


0-5 


0-5 


1 


1-5 




11 


42-60 


0-5 


1 


1 


1-5 




1-2 


46-76 


0-5 


1 


1 


2 




1-3 


50-34 


0-5 


1 


1-5 


2 




1-4 


54-22 


0-5 


1 


1-5 


2 


075 


1-0 


5810 


0-5 


1-5 


1-5 


2 




11 


63-90 


1 


1-5 


1-5 


2-5 




1-2 


69-72 


1 


1-5 


1-5 


3 




1-3 


75-53 


1 


1-5 


2 


3 




1-4 


81-34 


1-5 


2 


2 


3-5 


10 


10 


77-47 


1-5 


2 


2 


3-5 




11 


85-21 


1-5 


2 


2-5 


3-5 




1-2 


92-96 


1-5 


2-5 


2-5 


3-5 




1-3 


100-71 


2 


2-5 


2-5 


3-5 




1-4 


108-45 


2 


2-5 


3 


4 


1-5 


10 


111-20 


2 


2-5 


3 


4-5 




11 


122-30 


2-5 


3 


35 


5 




1-2 


133-44 


25 


3 


3-5 






1-3 


144-56 


3 


3-5 


35 


5 




1-4 


151-68 


3 


3-5 


3-5 


5 


20 


10 


154-91 


3-5 


3-5 


3-5 


5 




11 


170-40 


3-5 


4-5 


4-5 


6 




1-2 


185-89 


3-5 


4-5 


5 


6 




1-3 


201-38 


4 


4*5 


5 


7 




1-4 


216-87 


4 5 


5 


5-5 


7-5 
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layers of evaporating liquids at depths of h, ** 02-20 m., specific 
1310 to 31*5 mm. of mercury. (Loss of the fall in temperature.) 



«. 


90* 


80° 


70° 


60° 


50° 


40° 


30° 


639 


625 


864 


288 


148-7 


92 


54-9 


31-5 


126 


234 


405 


626 


611 


663 


705 


728 


by which the boi 


ng point o 


the liquo 


ria higher 


at the hot 


om then a 


the., 


05 


0-5 


1 


1 


2-5 


2-5 


5 


6-5 


5 


0-5 


1-5 


1-5 


2-5 


3 


5 


7 


1 


1 


1-5 


1-5 


2-5 


3 


5 


8 


1 


1 


1-5 


1-5 


2-5 


3-5 


55 


8-5 


1 


1 


2 


2-5 


3 


4 


5-5 


9 


a 


1-5 


2-5 


3-5 


4-5 


6-5 


10 


15 


2 


US 


2-5 


4 


5 


7 


10 


15-5 


2-5 


2-5 


3 


4-5 


5-5 


9 


11 


16 


2-5 


2-5 


3 


5 


6 


9-5 


12 


17 


2-5 


3 


3-5 


5 


6-5 


10 


13 


18 


25 


3 


4 


5 


7 


10-5 


14 


19 


3 


3-5 


4-5 


5-5 


7-5 


11 


15 


20 


3 


3-5 


5 


6 


8 


12 


16 


21 


3 


4 


5 


6-5 


9-5 


12-5 


17 


22 


Sfl 


4-5 


5 


7 


10 


13 


18 


24 


3-5 


4-5. 


6 


7 


9-5 


13 


18 


22 


4 


4-5 


5 


7-5 


10-5 


13-5 


19-5 


24-5 


4 


5 


5-5 


7-5 


11 


15 


20 


26 


4-fi 


5 


6 


8 


12 


15-5 


21 


27-5 


4-5 


5' 


6-5 


9 


12-5 


16-5 


22 


29 


5 


5-5 


6-5 


9-5 


125 


17 


22-5 


29-5 


5 


6 


7 


10 


13-5 


18 


23 


31 


5 


6-5 


7-5 


11 


14-5 


19-5 


25 


32 


e-5 


7 


8-5 


12 


15 


20-5 


26 


34 


6 


7 


9 


12-5 


16 


21 


27-5 


35 


5-5 


7-5 


9 


12-5 


16 


21 


27-5 


355 


6fi 


7-5 


10 


13 


17-5 


23 


29-5 


36-5 


7 


8 


10 


14 


18-5 


24-5 


30 


38-5 


8 


9 


11 


15 


20 


25-5 


32 


39 


Bfl 


9-5 


12 


15-5 


21 


26-5 


33-5 


41 
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small as possible, and further, since the liquor in the first vessels of 
the apparatus rarely has a high specific gravity, in most cases in 
calculating the quantity of steam developed in each vessel this difference 
in temperature between the top and bottom may be neglected without 
introducing any considerable error. In fact the error due to this 
approximation is for the first vessel rarely more than 0*25 per cent., 
for the last vessel about 1 per cent., of the steam produced by self- 
•evaporation, and may thus safely be neglected. 

In determining the efficiency of the heating surface per sq. m. and 
the temperature difference, this difference between the temperature at 
the top and bottom of the liquid should not be neglected. 

To return to the equations. In agreement with the preceding 
remarks, by neglecting the differences in the temperatures of the liquor, 
and thus removing those temperatures which are d priori unknown, 
the equations previously giveu may now be written as below. 

Consumption of heating steam in vessel I. : — 

D = W «> ~ » + d ^ ~ '»> (79) 

Steam from vessel I. : — 

A = <*i (80) 

Steam from vessel II. : — 

_ {W - dj fo - t 2 ) + 4,(0, - t 2 ) 

±j 2 — cT-"i. ' ' ' ' ' ' 

, 2 - ("' - **) - '*> V> = ^A>. • • (82) 



Steam from vessel III. : — 

n _ (TF - d x - s 2 - d 2 )(t 2 - t 3 ) + (s 2 - d 2 )(c 2 - * a ) 

x/ 3 



C 3 "* '3 



(83) 



s 3 = (»' - d t - « a - d 2 )(t 2 - g ^ _ d x ( Cl - t t ) 



S 2J C 2 - Q J _ d *{<>* ' * 3 ) 

: : **?* — : 



c 3 "" ^3 c 3 "" ^3 



(85) 



Steam from vessel IV. : — 



n _ (W -D x - D 2 - D 3 )(t 3 - t 4 ) + (d, + s, + ojfa - f 4 ) 

c 4 - t t 



(86) 
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(W - D x - D t - D 3 )(t 3 - Q _ifc L -j | ) 



c 4 - < 4 



&2 "" *2 



<r 4 = 



_ * 3 (*3 - ^4) 
c 4 - t A 



, _ <* 2 ( c 2 ~ *») 

C*o — . 



C 3 ~ *3 



X _ °-3( C 3 ~ * 4> J _ <* 8 ( C 3 ~ *J 
A 4 „ _ / a 4 - "I 7 • 



C 4 - * 4 



c 4 - * 4 



(87) 
(88) 
(89) 



Steam from vessel V. : — 



iA 



c* - 



5 5 = 



(IF - I7)(c 4 - < 5 ) 
_ *4fa - h) 



°5 = 



C 5" *6 



Co — £.2 



C Z ~ *3 



A _ ^fa - *o) 



C 5 " h 



e = ^a—±*} 



C 5 " *5 



4 c 4 - t 4 

d _ <* 4 ( C 4 - h) 

5 r - t 



(90) 
(9I> 
(92> 
(93> 
(94) 



To proceed now, by the aid of these equations, to calculate the 
steam evolved in each vessel in any special case : for this calculation 
only the following are known : — 

1. The quantity of liquor introduced, W, and its temperature, t f . 

2. The quantity of evaporated liquor drawn off, U, and its tem- 

perature, l n (i.e., t 2 , t 3 , t 4 or t b ). 

3. The temperature and heat of the heating steam, t and c . 

4. The temperature and heat in the last vessel, £ n and c„. yi 

All the remaining values, especially the temperatures and 
pressures prevailing in the separate vessels, are unknown, for the^. 
depend essentially upon the ratio of the heating surfaces of the 
separate vessels to one another, and this ratio is different in almost 
every apparatus. It must thus be our next endeavour to ascertain 
the most favourable proportion of the heating surfaces, in order that 
the conditions for the least consumption of steam (D ) may be 
found, and also that dimensions corresponding to its evaporative 
capacity may be given to each vessel. • However, it is impossible at 
present to calculate these values for any special cases, because of the 
want of knowledge of the temperatures, consequently the only course 
is toagwrtfwthe temperatures in the separate vessels for many cases, and 
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especially for the limiting cases, and on these assumptions to calculate 
the corresponding evaporative capacity of each vessel. When these 
rnariv cases have been arranged in tabular form, it will be easv to 
select the liest in each ca^e. It will also appear from the calculations 
that the amount of evaporation effected in the first ve-sel, and also the 

'. actual coma mp t ion of heat i n*j s te a m bit the mult i] de erfec t e vapo ra tor. 

1 5 w*- no t to a ny co m ide rable exttnt pro}>ortiontil to the fa U in te mj vrature. 
In Table 17 is given the amount of evaporation obtained in double, 
triple and quadruple effect evaporators, in the separate vessels of 
which different falls in temperature are assumed. The figures are for 
the evaporation of 100 litres of liquor to one-tenth (0*1). and one 
quarter (025; : intermediate cases are not given, since it is found that 
the extent of the evaporation has not much influence upon the output, 
the reason bein^ that the larger the portion of the original liquor 
which is not to be evaporated, the larger is the volume of liquor taken 
from vessel to vessel, and consequently also its self-evaporation in 
the next vessel. But this self-evaporation (which is the cause of the 
greater evaporation in the later vessels than in the earlier) is always 
but a small fraction of the whole evaporation. The method of 
calculating Table 17 will at once be illustrated bv means of an 
example. It is always assumed that the liquor enters at the tempera- 
ture of the first vessel, t x . A lower temperature of the entering 
liquor, which frequently occurs in practice, must naturally be com- 
pensated in constructing the apparatus by increasing the heating 
surface of the first vessel; we shall afterwards return to this point. 
In Table 17 are first given the temperatures t v f.., / 3 , t 4 (in 
separate columns), which are assumed as prevailing in each vessel. 
This is done for many ca-es, as far as possible for the limiting condi- 
tions. Also apparatus is considered which works at pressures above 

atmospheric, without an air-pump, <?.*/., in the second line for the triple 
effect : — 

Vessel I.. 130 : vessel II., 115°; vessel III., 100°. 

Then, corresponding to each temperature, arc given the total 
calories, c„, c v c. v c. Ai c v contained in 1 kilo, of steam at these 
temperatures. 

K.rampU\ — 100 litn-s of liquor are to be evaporated to 10 litres in a quadruple- 
effect evaporator, iu the elements' of which the temperatures 100°, 95°, 85° and 50" 
('. aie maintained. How much water is evaporated in each vessel? 
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In accordance with what has gone before, the problem can only be solved by a 
process of trials. 

H 90 litres are to be evaporated, were then no self- evaporation, each vessel 
would evaporate — = 225 litres : we know, however, that, as a matter of fact, by 
self -evaporation, the following (unknown) weights of steam are produced in the 
later vessels : if, a. + <t v s, + a, + A t . Let us, therefore, assume ax a }irtliminary 
that the evaporation is divided as follows : — 

Vessel - I. II. III. IV. 

Evaporation - 20 22 2a 25 litres. 

Liquor introduced - 100 BO 58 35 „ 

f s. = 0-75 s, = 1-06 8. = 2-14 

The se f-evaporation J ^ = ^^ ^ = j.^ __ 

{ \, = 0-750 „ 

These weights of steam produced by self-evaporation are found from equations 
79-89, assuming the total evaporation in each vessel, as follows : — 



The self-evaporation in vessels II., III., and IV. is 

'} = 0-74 kilo. 

;' ^ " J i™_ - _??1 _ V06 kilo 
632-85 l ™ * UO - 
_ 35(85 - 50) _ 



_ (KzJ*Ml ZJ*> - 80(100 - 95) _ 
c, - f, G355 - 95 " 

_ (W- D, - i>J(f, - Q _ 58(95 - _ 
632 -HO" " 



The evaporation produced in vessel III. by means of the steam, ft,, is 

. _ tffcJi _ 074(635'5 -V) _ ? 

" J= f 3 -^ 632-58 - ^ k,1 °- , 

In the vessel IV. s 3 evaporates 

"" c.-fj " 6217 -~50 - 1081 " 10 -. 

Finally, it- effects in vessel IV. the evaporation, \,. 

. _ ?jfo - >*) _ 0-745(632 - 50) _ 

*' c,-< 4 " 621'7 - 50~ " ° ?56 k,l °- 

Thus the preliminary calculation gives the Following series of results :- 
Vessel I. II. III. IV. 

Evaporation ■ ■ 20-87 21 

Liquor introduced - 100 7! 

These results do not differ considerably from the assumptions made. If they 
re made the basis of a fresh calculation, in order to obtain greater accuracy, we 
ive in a similar manner: — .-. 
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«* = 



7913(100 - 95) _ 



636-95 



_ 5751(95 - 85) _ 
**~ 632-85 ~ 
_ 34-85(85 - 50) _ 
* 4 " 621-7 - 50 ~ 
_ 0-7325(6 35 - 85) 
r " " 632-85 
_ 1-051(632 - 50) 

621-7 - 50 
_ 0-736(632 - 50) _ 



*a = -, 



\i - 



621-7 - 50 



0-7325 litre. 
1-051 „ 
2133 „ 
0-736 „ 
1-07 „ 
0-749 „ 



From this final calculation we obtain the figures : — 

Vessel ... I. II. III. 

Self -evaporation - s, = 07325 s 3 = 1*051 

<r 3 = 0-736 



Total, 1-787 



IV. 
s 4 = 2133 
<r 4 = l*07 
A, = 0-749 

Total, 3*952 



litres. 



«t 



»? 



it 



Self-evaporation and its consequences thus produce an evaporation of 0*7325+ 
1-787 + 3-952 = 6-4715 litres of water; there remain still to evaporate 90- 
6-4715 = 83-5285 kilos., which weight is divided almost, but not quite, equally 
between the four vessels, in such a manner that the steam from one vessel 
always evaporates rather more than its own weight from the next vessel. 



83-5285 = d, + d,^-^ + d, C * ~ *» - * " ' a 



<*-U 



Cj — fj Cj - 1 2 



+ *i 



t, _ c,-t. 



-*( 



«i- ** 



u 



*4 - </ 



1 + 



637 - 95 635-5 - 85 



687 - 95 
635-5 - 95 ' 635-5 - 95 632 - 85 

637-95 635-5_-85 632 - 50 
* "632 - 85 



2-_50 \ 
•7 - 50/ 



635-5 - 95 632-85 621- 

= d,(l + 1-004 + 1004 x 1*006 + 1*004 x 1*006 x 1-02). 

= d,4*044. 

83*5285 
Therefore d, = - — — = 20*655 litres of water. 
1 4*044 

d? = 20*655 x 1*004 = 20*781 litres of water. 

d, = 20731 x 1*006 = 20*850 

d 4 = 20-850 x 1020 = 2126 

Thus each vessel, including the self-evaporation, evaporates the following 
quantities of water: — 

Vessel ... I. II. HI. IV. 

Regular evaporation - 20*655 20*731 20*850 21*26 litres. 
Self -evaporation - 0*7325 1*787 8*952 



tt 



it 



»i 



Total 



20*655 + 21 -4635 + 22637 + 25-212 = 89*9676 litres of water. 
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Table 17. 

The Weights of Steam evolved in each separate vessel of a double, 
triple and quadruple effect evaporator per 100 litres of liquor : 
d v d v etc. ; ■„ s a , etc. ; <r„ o- a , X 4 ; by transference of heat and 
by self-evaporation, when the liquor is evaporated to 0-1 and 025 
of its original weight. Regular evaporation (without extra steam) 
in apparatus with different falls of temperature. 





Double 


tgtci. 


Evaporation to O'l W. 


Evaporatio 


a to 0-25 W. 


'. 


«. 


k 


<-l 


D\ 


H 


d. 


to. 


D, 


h 


<k 


*>i 


100 


637 


50 


621-7 


41-6 


4-98 


43-42 


48-40 


39-97 


5-7 


95-33 


41-03 


100 


697 


60 


024 -fl 


42-15 


4 05 


43-8 


47-85 


B4-69 


4-58 


35-9 


40-48 


100 


637 


70 


627-8 


42-64 


M-03 


44-33 




35-O.H 


3-44 




39-92 


95 


635-5 


50 


621-7 


4i -g 




43-6 


481 


34-20 


5-23 


35-57 


4060 


95 


635-5 


60 


624-8 


12-4 


3-4!) 


44-11 


47-6 


34 -82 


3-99 


36*18 


4017 


95 


635-5 


70 


627-8 


42-9 


2-02 


u -ae 


47-1 


33-3 


2-80 


30-7 


39-66 


90 


634 


50 


621-7 


42-3 


3-71 


48-99 


47-70 


34-7 


4-23 


36 


40-23 


90 


634 


60 


624-8 


42-29 


2-49 


■1522 


47-71 


35-17 


3-24 


66-69 


39-83 


90 


634 


70 


627-8 


43 


1 -J9 


4501 


47-0 


36-13 




37-59 


99-87 


85 


632 


50 


621-7 


42-3 


3-7 


44 


47-70 


34-95 


3-7 


3H-35 


41-05 


85 


032 


60 


624-8 


12-29 


2-49 


45-22 


47-71 


35-3 




36-7 


39-62 


85 


632 


70 


627-8 


43-4 


1-46 


4514 


40-00 


36-90 


1-66 


37-4 


39-06 


BO 


631 


50 


621-7 


42-15 


2-9G 


44-89 


47-85 


85-1 


3-36 


30-54 


39-90 


60 


581 


60 


034-8 


4!! 


3-00 


45 


47 


85*88 


2-18 


37 ■ i a 


39-31 


80 


031 


70 


627-8 


43-6 


1-00 


45-4 


40-4 


86-32 


1-11 


37-67 


38-78 


135 


647-7 


100 


637 




3 67 


44-011 


47*7 


84-72 


4-16 


30*12 




122-5 


643*8 


100 


637 


42-9 


2-34 


44-76 


47-1 


35-46 


2 05 


30-89 


39-54 


108 




70 


627 -8 


42-3 


3-84 


43-80 


47-7 


84-66 


4-31 


36-04 


40-34 


102 5 


687*3 


60 


624-6 


42 


4-25 


48-76 


48 ; 


34-411 


4-81 


35-79 


40-60 


97-5 




50 


621-7 


41-8 


4-72 


43-48 


48*2 


3410 




35-67 


40-90 


115 


641-6 


SO 


621 -7 


40-3 


6-77 


42-43 


49-2 


92-56 


7-49 


38-96 


41*44 


115 


641-6 


60 


624-8 


41-4 


5-60 


43-00 


43 -C 


33-64 


6-37 


34*99 


41-36 


115 


641-6 


70 


627-8 


41-9 


4-59 


43-51 


48-1 


34*2 


5-23 


95-57 


40-30 


Average 


42-30 


3-486 


44-2 


47-67 


34-38 


3-945 


35-92 


40-15 




D, ; D„ = 


1:1-127 


J 
D 


:D t = 


1:117 






Minimum 


1:1-206 






1 : 1-272 






Maximum 


1:1-07 






1:1-07 






D, :,£,=• 


1:1-045 


L 


-.■<*■ = 


1:1-041 






Minimum 


1:1-07 






1 : 1 -042 






Maximum 


1:1-04 






1:1-04 
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Triple effect. 


Evaporation to 0*1 It". 


ti 


Cl 


t, 


% 


'» 


c 3 


A 


i 

1 

1 




D % 


a. 


140 


649 


130 


646 


100 


637 


27-8 


1-39 1 


2S 


29*39 


2-34 


130 


646 


115 


641-6 


100 


637 


27 7 


204 


28 


30*04 


1-17 


130 


646 


115 


641-6 


50 


621-7 


26-56 


207 ' 


2682 


28-89 


4-78 


130 


646 


115 


641-6 


60 


624-8 


26-8 


207 


27 


2907 


4-10 


130 


646 


115 


641-6 


70 


627-8 


26-8 


207 


271 


2917 


3-39 


125 


644 


105 


638-5 


60 


624-8 


26-56 


2-60 , 


26-82 


29*42 


3-4 


125 


644 


105 


638-5 


70 


627-8 


26-56 


2-60 ' 


26-82 


29-42 


2-S 


120 


643 


110 


640 


100 


637 


28-37 


1-32 , 


2865 


29-97 


0-7S 


120 


643 


95 


635-5 


50 


621-7 


2617 


3-38 


26*43 


29-81 


3-3 


120 


643 


95 


635*5 


60 


624-8 


264 


3-38 ! 


26-6 


29*98 


2-6 


120 


643 


95 


635-5 


70 


627-8 


26-64 


3-38 


2696 


30-34 


1-86 


115 


6416 


95 


635-5 


70 


627-8 


2716 


2-6 1 


27*43 


3003 


1-86 


115 


641-6 


90 


634 


60 


624-8 


26-8 


31 | 


27 06 


3016 


1-94 


115 


641-6 


85 


632 


50 


621-7 


25-96 


403 , 


26*22 


30-26 


2 : 60 


105 


638-5 


95 


635-5 


50 


621-7 


27 54 


1-33 I 


27-81 


2913 


3-3 


105 


638-5 


95 


635-5 


60 


624-8 


27-72 


1-33 , 


2S-04 


29-37 


2-6 


105 


638-5 


95 


635-5 


70 


627-8 


28 


1-33 


28*2 


29-53 


1-86 


100 


637 


90 


634 


50 


621-7 


27-78 


1-31 


2805 


29-36 


2-6 


100 


637 


90 


634 


60 


624-8 


2803 


1-31 : 


2831 


29*62 


1-94 


100 


637 


90 


634 


70 


627-8 


28-30 


1-31 ' 


28*48 


29-79 


130 


100 


637 


80 


631 


50 


621-7 


27 03 


2-62 i 


2730 


29-92 


2-20 


100 


637 


80 


631 


60 


624-8 


27-28 


2-62 '■ 


27-55 


3017 


1-45 


100 


637 


80 


631 


70 


627 8 


27-54 


2-62 ' 


27-81 


3048 


0-75 


97 


636 


84 


632 


70 


627-8 


27*94 


1-70 ! 


28-17 


29-87 


1-00 


95 


635-5 


80 


631 


50 


621-7 


27-43 


1-9 | 


27-70 


29-60 


2-2 


95 


635-5 


80 


631 


60 


624-8 


27-74 


1*9 1 


27-94 


29-84 


1-45 


93 


635 


76 


630 


60 


624-8 


27-61 


2*25 1 


27-88 


3018 


1-18 


90 


634 


80 


631 


50 


621-7 


27-91 


1-30 , 


28-18 


29-48 


2-2 


90 


634 


70 


627-8 


50 


621-7 


27-31 


2-58 • 


27-58 


3016 


1-45 


95 


635-5 


85 


632 


50 


621-7 


27-78 


1-31 - 


2805 


29-36 


2-60 


95 


635-5 


85 


632 


60 

A 


624-8 
Lverage 


28-02 


1-31 ! 

1 


28-30 


29-61 


1-85 


27-33 


2-147 | 


27*59 


29-72 


2-22 
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Table 17 — (continued). 



1), : I), 


Z>,= 






D t : D, : D, = 




1 


1-068:1-2048 










1-106:1-26 






Evaporatio 


to 0-25 W. 






/J, : ,L 


rf 3 = 






D 1 :d,:4,= 






1 : 1-01 : X-041 








1 


1-01:1-039 


4 


/), ■ «.j 


■*i 


L\ 




4 


<*. 


Pi 


144 


29 32-78 


22-02 | 1-49 


22-84 


24-33 


" 


1-51 


23-54 


28-06 


212 


29-1 32-39 


22-62 2-20 


22"i'4 


25-04 


1-5 


2-24 


23-54 


27-28 


215 


27-621 34-55 


41*10 ! 2*23 


21-31 


23 -.'•■( 


6-15 


2-27 


21-95 


30-35 


2-15 


27-95 34-20 


21-3951 2-23 


21-6 


22-83 


5 25 


2-27 


22-20 


29-78 


215 


28-49 34-03 


21-74 2-23 


2195 


24-18 


4-18 


2*27 




2908 


2-7 


27-62 33-72 


21 31 ! 2*9 


2152 


24-42 


4-18 


2-90 


22*18 


29-34 


2 7 


27-62 ! 33'12 


21-57 . 2-9 


21-78 


24-68 


3-35 


a-96 


22-44 


28-78 


1-37 


29-77 i 31-92 




28-57 


24-97 


1*0 


1-42 


24-27 


20-69 


3-51 


27*22 34-03 


20-83 8-6 


21-03 


21-03 


4*2 


3-67 


21-67 


29-54 


3-51 


27-5 ! 33-61 


21-10 3C 


21-31 


24-9] 


3-30 


3-07 


21-96 


28-99 


•3-51 


27'71 33 08 


21-41 3-6 


2162 


25-22 


242 


3*07 


2228 


28-37 


27 


28-25 32-81 


21*91 ; 2*85 


22-12 


24-97 


2-42 


2-9 


22-80 


28-12 


3-2 


27-64 i 32*78 


21*31 \ 3*53 


21-52 


25-05 


2-9 


3*6 


22-18 


27*68 


410 


27 33-79 


20-63 4-31 


20-83 


2514 


8*37 




21-47 


29-23 


1-88 


28-65 ' 33-33 


22-27 1*42 


2249 


23 91 




1-44 


23-17 


48-81 




48-88 | 34-86 


22-53 ' 1-42 


22-75 


24-17 


3-30 


1-44 


23-56 


28-30 


1-88 


29-2 : 32-44 


22-86 1 1-42 


22-08 


24 50 


2-42 




23-78 


27-04 


1-80 


28-90! 32-SG 


22*41 1 1-41 


22-03 


2404 


3-79 


1-44 


28-84 


28-6G 


I -86 


29-25 | 32-45 


22-70 1 1-41 


22-92 


24-38 


2-9 




28-64 


27-97 


1-36 


j 29-35 30-01 


43-04 1 1-41 


23-27 


24-68 




1-44 


23 ■!!(-. 


27 -US 


2-72 


. 28-12 33-04 


21-77 . 2-83 


21-28 


24-81 


2-89 




22-05 


28*42 


2-72 


1 28*38 : 34*55 


22-09 ! 2-83 


22 -31 


2514 


1-89 




23-00 


27-77 


2-72 


! 48-05; 32-12 


22-40 2-83 


22-52 


25-15 


0-97 




23-30 


27*15 


21 


1 29 32- 13 


22-94 1*81 


2316 


21-97 


1*35 


1-84 


23-90 


27-08 


2-25 


28-52 32-97 


22-31 ' 2*0 


22-53 


24-59 




204 


23-23 


28-16 


2 -as 


i 28*79 1 32-49 


24-04 40 


2280 


24-86 




204 


23-57 


27*5 


2-44 


; 28-79 82-26 


22-52 2-38 


22-74 


25-10 


1-53 


2-4 


2345 


27-88 


1-35 


, 29*061 32-61 


22-73 1-87 


22-9S 


24-32 




1*39 


23 07 


27-95 


2-08 


: 48-41 34*54 


22-13 


2-77 


22-35 
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Table 17 — (continued). 
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Results of Table 17. 



In vessel 



o>>r Double effect 
•| | J Triple „ 
■5 cr I Quadruple „ 



W = 100 litres of liquor are to be evaporated down 

to 0-1 W. | to 025 ir. 

There must thus be evaporated from it 

90 litres of water. | 75 litres of water. 



I. 



45 
30 
22-5 



1 




« 


1 II. 


III. 


IV. 


1 

1 45 






30 


30 


— 


22-5 

i 


225 


225 



I. 



II. ' III. , IV 



37 5 I 37*5 
25 ! 25 
18-75 18*75 



25 

18-75 



18-75 



According to Table 17 each vessel actually evolves 



/ Total - 

-| *»" I Thus in the ratio 

- - ' Through heating 



3 O 

£§*§ alone 



Thus in the ratio 



43-33 i 47-67 
1 : 1-127 

42-33:44-2 



1045, — — 



34-38 J 4015 
1 : 1-167 

34-38 1 36-22 
1 : 1046 






Total - 
Thus in the ratio 
.£* a -! Through heating 
H ? I alone 

I Thus in the ratio 



27-33 29-72 



32-925 



1 : 1-088:1-2048 

27-33 | 27-59 1 30*90 
1 : 1006:11306 



22-12 
1 : 



24-47 27-89 
1-106: 1-26 



22-12 ! 22-335 25335 
1 : 1009: 1145 



o 



Total 



3 ** ■ Thus in the ratio 
rij v - Through heating 
1*3 alone 
3* VThus in the ratio 



20 
1 

20 
1 



21-74 



2314 25-17 



1087: 1157: 1259 

2007 121-86 123-42 
10033: 1093: 1171 



15-94 17-79 19-34 21929 

1 : 116 : 1-215: 1-375 

15-94 1606 j 17*94 1947 

1 : 1008: 1125: 1-223 



In the mean the total evolution of steam is in the 
Double effect - D l : IX 2 = 1 : 1-147 

= 0-4658 : 0-5442. 
Triple effect - /), : D. 2 : /), = 1 : 1-097 : 1*233 

= 0-3003 : 0-3294 : 0-3703. 
Quadruple effect - D, : D a : D 3 :D 4 = l: 1*123 : 1*187 : 1*316 

= 0-2161 : 0*2427 : 0*2535 : .0*2844. 

In the mean the evaporative capacity (without self-evaporation) is in the 
Double effect - D, : d, = 1 : 1*045. 

Triple effect - D x : d„ : (rf, + <r 3 ) = 1 : 1 -0075 : 1*138. 

Quadruple effect /), : d. 2 : (rf, + <r a ) : {d t + cr 4 + A 4 ) = 1 : 1*0055 : 1-109 : M9fi 



% 
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Table 17 has been calculated in the manner indicated in this 
example (p. 80). It is now possible to make a satisfactory inspection 
of the evaporative action of double, triple and quadruple effect evapo- 
rators, and to see without trouble how much water each vessel really 
vaporises, how much heating steam is used by each vessel, and in par- 
ticular how much heating steam must be supplied to the first element, in 
order to bring 100 litres of liquor from the initial to any desired con- 
centration. It is assumed that the liquid enters at the temperature t ml . 

If an average be taken of the figures in Table 17 for the whole 
quantity of water, D, evaporated in each vessel, and the quantity of 
steam, d, evolved by heating in each vessel (these averages are given at 
the bottom of the table), an extraordinary regularity in the evaporative 
capacity is seen, the extreme cases hardly varying by 5 per cent, from 
the average. The figures (also given in the Table) for the mean ratios 
of the total quantities, D. evaporated in the separate vessels, to 
the portions, d, evaporated by heating alone in the same vessels also 
vary very little from one another in the extreme cases, so that these 
figures may well be taken as a basis for the general case id practice. 

These proportions of the amounts of steam in each vessel, d x , d. t , 
d 3 , d t , will form the basis for the estimation of the necessary heating 
surfaces of the evaporator, to be given later. 

Five important conclusions may be drawn from Table 17 to 
assist in the division of the heating surfaces in the most efficient 
manner : — x 

1. The smallest amount of heating steam required to produce a 
certain amount of evaporation is used in ail multiple evaporators, 
when tlie-fall in temperature is the same in each vessel. 

2. However the fall in temperature in the separate vessels be 
arranged, the weight of heating steam to be supplied to the first vessel 
always varies within very narrow limits. Thus the manner in which 
the available fall in temperature is distributed amongst the separate 
vessels has no great influence on the economy of steam. No considerable 
saving in steam can be obtained by any definite division of this fall in 
temperature. 

3. The quantity of water to be evaporated in the first vessel is, on 
an average, of the total evaporation of the multiple evaporator .* — 



In the double e 



1 
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In the triple effect - ^^ = 0300 • D l = (IF - (7)0300. 

In the quadruple effect j^g = °' 216 D i = (^ ~ tf) " 216 - 

Tlie extreme cases are : — 

For the double effect - D x = (W - J7) 0*434 to 0484. 
For the triple effect - D Y = (W - C7) 02777 to 03152. 

For the quadruple effect - D x = (TT - (7)01926 to 02335. 

4. !Z%c evaporation effected by heating is in all cases the least in 
the first vessel, but the increase in the following vessels is not very 
great — at most 4 per cent. In the mean it may be assumed that this 
evaporation in the separate vessels is in the 

Double effect. Triple effect. Quadruple effect. \ 

I. II. I. II. III. I. II. III. IV. 

d x : d 2 d x : d. 2 : d 3 d x : d 2 : d 3 : d 4 

as 1 : 1045 1 : 1 01 : 104 1 : 1005 : 1012 : 102 

v 

5. The total quantity evaporated in the last vessel is : — 

In the double effect - - 0*534 
In the triple effect - - 03703 

In the quadruple effect - - 0*284 

of Die total evaporation of the apparatus (W - U). 



B. The Percentage of Solids in the Liquid in Each Vessel 

of the Multiple Evaporator. 

In the preceding section of the chapter it has been found that, 
in performing a certain amount of evaporation, each separate vessel 
must evaporate its proper fraction, almost independently of the fall 
in temperature. In the next place, it is desirable to find the evapora- 
tive efficiency of each vessel and the percentage of solid matter in 
each, for liquors varying in strength both before and after evaporation ; 
the results can only be approximate — never quite exact. The total 
evaporative capacity and the concentration in percentages are given in 
Table 18, which thus contains an answer to the questions : — 
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If a liquor of known strength (4-17 per cent.) is to be concentrated 
o another known strength (40-70 per cent.), how much water must 
vitli this intent be evaporated in each vessel and what is the concen- 
ration of the liquor in each vessel ? 

The following example illustrates the method of calculation of 
Cable 18:— 

Example. — 100 kilos, of a liquor, containing 10 per cent, ol solid matter, are 
o be evaporated to a strength of SO per cent, in a triple effect evaporator. Hon 
3uch water is evaporated in each vessel and what is the concentration in each 
easel? 

In order to evaporate 100 kilos, of liquor from 10 per cent, to SO per cent, 
trength, 100 - (10 + 10) = 80 kilos, of water mast bo evaporated. 

Of this, according to Table 17, 

Vessel I. evaporates 
,. II. 
„ III. 

79-99 

Thus the first vessel contains 

10 kilos, of solids ii 

i.e., in the solution there is 

The second vessel contains 

10 kilos, of solids in 75-98 - 26-35 - 49-63 kilos, of solution, 

i.*., in the solution there is jo.ro = 2015 per cent, of solids. 

The third vessel contains 

10 kilos, of solids in 49-63 - 29-62 = 20-01 kilos, of solution, 

i.t., in the solution there is _„■ - = 50 per cent, of solids. 



80 K 


03003 


= 24-02 kilos. 


24-02 x 


1-097 


= 26-36 „ 


24-02 x 


1-233 


- 29-62 „ 



(4 02 = 76- 
10 x 100 



kilos, of solution. 
13-16 per cent, of solids. 
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Table 18. 



The amount of evaporation, and the percentage of solids in the liquor, 
in each vessel of the double, triple and quadruple effect apparatus 
with regular evaporation (i.e., no extra steam is withdrawn) for 
the concentration of 100 kilos, of liquor to 0-08 - 034 of its weight. 

The upper lines of each pair in ordinary type, give the weights 

of water to be evaporated in each vessel. 
The lower figures, in heavy type, give the corresponding per- 
s of dry material in the liquor in each vessel. 
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4 


70 


45 


5-63 


9-48 


45 


502 


6*9 


1168 


45 




41-G4 


4T 25 


*■■•»■ 


ay-37 


32-57 




21-42 


22-H4 


24 -m 


5 


8-88 


45 


685 


11-45 


45 


6 23 


8 45 


139 


45 




40-52 


46-14 


2fi*21 


28-01 


31*85 


19*17 


2084 


22-27 


24*42 


6 


1009 


45 


813 


13 28 


45 


7-42 


10 


15 85 


45 




H'.f--i- 


45 13 


_'.Vt.-) 


27-87 


81*13 


18-61 


20-21 


21T1 


■23 -80 


7 


11-5 


45 


9 35 


15*0 


45 


8'6 


1128 


177 


45 




38J1 


44*02 


2 ',■(!■• 


27 46 


30-75 




unit; 


2MXI 


23-38 


8 


12 94 


45 


10-67 


16-90 


45 


977 


12-85 


1945 


45 




37 


IS 


aa-'jo 






17-5 


191 


20-50 


22 -a 


9 


1429 


45 


1183 


181 


45 


1091 


1414 


209 


45 
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Table 18 — {continued). 



-s 


Double efleol. 
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Quadruple effec' 
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01 i D t 


Di 


D s 


o, 


D] 


n t 


Dj 


D, 


flj i 


I. , II. 


L 


II. 


III. 


1 


ii. 


III. 


IV. 




36 1 42 


23^" 


25-69 


29*06 


17*1 


18*7 


20-3 


22-7 


10 


15-62 ! 45 


13 02 


1958 

24 Uli 


45 

2S-67 


12 06 

16-5 


1557 

17*8 


228 

19-4 


45 


11 


1685 45 


143 


20 86 


45 


13*17 


1674 


2376 


tf 




43-1 48 7 


B8-U 


30-76 


33*62 


20-5 


22-2 


23-6 


25*7 


4 


7 06 50 


555 


97 


50 


5*03 


695 


11-85 


50 






27 '-54 




32-92 


20 


21-7 


23* t 


25-1 


5 


865 50 


688 


1166 


50 


625 


857 


142 


50 




41-2 46ri 




29IU 


32 -2* 


19-51 


21-2 


22*6 


24 -a 


6 


1020 50 


817 


13*5 


50 


7*45 


101 


16-3 


50 




iO-1 15-8 




28-44 




19-01 


ao* 


221 


24 '3 


7 


117 50 


9-46 


15 37 


60 


864 


1158 


183 


50 




39-1 44-9 






81 


1S-J4 


SO 


21-6 


23*9 


S 


1313 50 


1070 


17 00 


50 

HI) -32 


981 


1301 
19*5 


20 

21 


50 

23*4 


9 


1454 50 


1193 


18-58 


50 


109 


14*4 


217 


50 




37 *a 




26 35 


29-63 


17-55 


19 


20*5 


23 


10 


1587 50 


1316 


2015 


50 


1213 


15 76 


235 


50 




36 49 


23- 22 


25-7 


29'03 


17-06 


1R-5 




22*5 


11 


17 19 50 


1432 


21*53 


50 


13-26 


1707 


247 


7* 






22*5 


25 


28-41 


16.0s 


17-9 


19*5 




12 


185 50 


15 49 


22 85 


50 


14-37 


1831 


26 29 


50 




3-1-9 40-1 


21 -H5 


24-4 


27-tVi 


16-08 


17-4 


18-97 


21-55 


13 


19-66 50 


16-63 


2419 


50 


15*49 


1953 


27 33 


50 




32-fi 89*2 


21-45 


23*4 


27-26 


15-5 


16-9 




21-1 


14 


2083 50 


1782 


254 


50 


1657 


207 


285 


50 




.-il- M-ii 


BO-4 


23 


2(>-45 


15 


16*3 


18 


200 


15 


22 50 


189 


26 '5 


50 


1765 


2183 


295 


50 




ao-H a? -a 


19-76 


■22-m 




14-5 


15-8 


17-5 




16 


2312 50 


199 

19-1 


27-69 


50 

25-16 


1871 

14*0 


23 

15-3 


30-6 


50 

19*6 


17 


24-2 50 


2101 


287 


50 


1978 


24 05 


316 


50 




J87B 49-07 


28-3 80-66 


33-81 


20*68 


22*42 


23-78 


25-83 


4 


711 55 


557 974 


55 


504 


703 


12 07 


55 




43-21 48-61 


27-96 30*34 


33-52 


2045 


22-2 


23-UH 


-Hyfyi 


5 


880 55 


6 9 1 1176 


55 


628 


872 


14*8 


55 




41*74 47-35 


27-03 | 29*43 


32-63 


19*75 


21-47 


22 'ST 


24-97 


6 


129 55 


8 22 | 13 18 


55 


747 


102 


169 


55 




(0-3) 46-14 


26*41 2*84 


3205 


19-32 


20-<t9 


22 42 


24*57 


7 


1183 55 


95 1 1565 


55 


8*67 


117 


188 


55 
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Table 18 — (continued). 
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Double effect. 


T 


pie e fleet. 


Quadruple effect. 


Bi 


D, 


A 


B* 


8| 


D 5 


A, 


c 


I. 


11. 


1. 


ii. 

28-21 


III. 


>■ 


II. 


III. 


IV. 




39-93 


45*53 


25-78 


31*47 


18*86 


20-50 


21-96 


24-14 


8 


1331 


65 


1078 


17-4 


55 


986 


132 


20-6 


55 




3S-92 


44-72 


25- Hi 


27-6 


30-89 


18-45 


20 01 


21-41 


23-71 


g 


1473 


55 


1202 


1904 


55 


1103 


1462 


224 


55 




HS-l.U 


43-71 


24-38 


2702 


30-36 




19-55 


20-95 


23-27 


10 


1613 


55 


1322 


2057 


55 


122 




241 


55 




37 


43 


2:4-94 


26-1 


29-75 


17-55 




20-5 


23 


n 


1746 


56 


1446 


22*14 


55 


133 


17-3 


25-6 


55 




40 09 


tS-09 


■s.'.-m 


25-77 




1713 


18-55 


20-05 


22 ■■!.'. 


12 


1877 


55 


15-64 


23-56 


55 


1443 


1868 


271 


55 




3518 


41-19 


22 71; 


25-15 


28-52 


169.7 




19-6 


22 


13 


20 56 


55 


1683 


24 95 


55 


156 


19-92 


285 


55 




:u-i>; 


40-48 


as 


M-55 


28 


10-22 


17-54 


19-14 


21 -la 


14 


2123 


55 


18 


2636 


55 


1671 


2114 


297 


55 




38 


39-55 


21 -.42 


23-85 


27-38 


15-73 


17-03 


18-63 


211:! 


15 


22 36 


56 


19 06 


27-4 


55 


17-8 


2215 


308 


55 




32-35 


40-48 


20-7:4 


24 3:1 


26-78 


15-22 


16-5* 


18-22 


20-82 


16 


237 


55 


2016 




55 


18 87 


23 41 


3216 


55 






39-9 


20-40 


23 


20-15 




16-3 


18-0 


20-6 


17 


24-95 


55 


2135 


3004 


55 


20 


2474 


335 


55 




44 -(1-2 


49-21 


28-48 


30-85 


84-0 


20-83 


22-59 


23-96 


25-97 


4 


716 


60 


559 


985 


60 


505 


706 


11*9 


60 




it-la 


48-54 


27 ■<■:( 


;4o-:« 


33-38 


20-42 


2216 


23-52 


25-59 


5 


879 


60 


6 93 


11-99 


60 


6 28 


874 


147 


60 




42-2 


46-60 


27-31 


29-74 


32-92 


20 


21-7 


23*1 


25-2 


6 


10 39 


60 


826 


1368 


60 


75 


1029 


1705 


60 




41-41 


47 02 




29-22 


3212 


19-61 


21-31 


22-71 


24 84 


7 


1194 


60 


956 


158 


60 


8-7 


1185 


19-2 


60 






46-14 


26-21 


2801 


31-85 


19-67 


20-84 


22-27 


24 42 


8 


1345 


60 


1084 


177 


60 


988 


13 33 


212 


60 




39(5 


45-4 


25-6 


28 -<M 


31-2 


18-78 


20-35 




21-0.', 


9 


14'9 


60 


121 


19 41 


60 


1108 


147 


2306 


60 




38-77 


44-57 


25-05 


27 ;i0 


30-79 


1H-4 






24-1 it, 


10 


16-33 


60 


1334 


2108 


60 


12 25 


1622 


24-8 


60 






43-74 


2J-1M 


26-94 


30-26 


17-95 


19-55 


21.1-SK) 


23-3 


11 


1772 


60 


14'56 


22 64 


60 


134 


17-6 


264 


60 




37 


43 


2:4-91 


26*4 


29-75 




19 


20-5 


23 


12 


191 


60 


1578 


2415 


60 


1*6 


18-6 


277 


60 




8617 


42-17 


23-35 


25 -142 


20-17 


17-13 


18-57 


20-07 


22-57 


13 


20 37 


60 


1696 


2556 


60 


15 69 


20-22 


29 38 


60 




35-33 


41-84 


22-79 


25-26 


2H-62 


16-74 


18-08 


19 -ON 


22-17 


14 


21-65 


60 


1813 


26 89 


60 


16-81 


2148 


3077 


60 
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■5 7 z 


O, 


A 


D, 


D.j 


A 


A 


A 


•fj 


*>. 


Hi 


I. 


11. 


I. 


n. 


m. 


I. 


u. 


III. 


IV. 




34 38 


40-62 


2215 


24-70 


28-15 


16-33 


17-65 


19-22 


21-8 


IS 


2286 


60 


1927 


28 22 


60 


179 


22*7 


32 


60 




Mil 


:t'0- 


21-00 


24-14 


27-01 


1. ■>-<:-! 




18-84 


21-44 


16 


24 03 


60 


20 40 


29-48 


60 


1903 


239 


33 28 


60 




32-7 


88-1 


21-35 


23-36 


27*16 


15-5 


16-9 


18-5 


2107 


17 


25 25 


60 


216 


30 73 


60 


2011 


251 


346 


60 




44-35 


49-52 


28-66 


3103 


34*17 


2O-06 


22-72 24-06 


26-1 


4 


718 


65 


56 


992 


65 


5-06 


7-1 


121 


65 




43-55 


48-76 


23-15 


3052 


33-00 


2i I-5H 


22-32 


23-08 


25-75 


5 


885 


65 


691 


121 


65 


628 


875 


15 


65 






4819 


27-61 


80 


33-17 


20-l'J 


21-91 


23-20 


25-37 


G 


1040 


65 


8 29 


1416 


65 


7-51 


1036 


173 


65 




41 '8 


47-43 


27-1 


29*5 


32-70 


19-31 


21 51 


22-91 


2MP.-S 


7 


1208 


65 


9-6 


1612 


65 


873 


1193 


196 


65 






46- 1 


26 54 


23-97 


32-2 


19-42 


211)9 


22-.W 


24 00 


8 


1357 


65 


1089 


1799 


65 


9 93 


1345 


216 


65 






45-88 


■>r.m 


28*45 


310H 




21) -72 




24-22 


9 


1507 


65 


1216 


19-79 


65 


1112 


1493 


236 


65 




39-4 


45-2 


25-5 


27-9 


31-2 


1R-7 


20-25 


2 1 65 


2:1-95 


10 


165 


65 


1343 


2146 


65 


12*4 


1638 


254 


65 




38 -5 




24 ••in 


27*12 


30-7 


18*3 


19-90 


21-3 


23-G 


11 


17-8 


65 


14-66 


as ii 


65 


13-46 


17-8 


271 


65 




:!7--« 


4 i! -07 


24 -93 


26-9 


30-2 


17-92 


19-46 


20-SH 


23-28 


12 


19-31 


65 


1575 


248 


65 


14 62 


191 


28 78 


65 




37 


43 


23 yi 


26*4 


29-75 


17*55 


19 


20*5 


23 


13 


20 63 


65 


17 09 


262 


65 


1577 


2049 


30-28 


65 




Mi-dr, 


■12-25 


23-4 1 




29-21 


17-18 






14 


2194 


65 

41-56 


1828 

22-91 


27*6 


65_ 


1690 


21*80 3170 


65 


15 


23-20 

34 MS 


65 

io-iw 


18-88 


284 


88 


1805 
16-H 


23 09 ' 33 2 


65 

21-84 


16 


24-5 


65 


206" 


30 27 


65" 


1915 


2431 3441 


65 




33-72 




21-77 


24-31 


27-78 


1G07 


17-26 18-96 


21-56 


17 


25 65 


65 


2173 


31-5 


65 


20-26 


25 50 35 63 


65 




44-54 


49-75 


28-S3 


8114 


34-35 


2107 


22-83 


2417 


26-54 


4 


7-21 


70 


562 


10 


70 


507 


713 


12-5 


70 




43-88 


49-03 


2»-ii 


30-70 


33-84 


20-71 


2245 


23-81 


20-30 


i 


889 


70 


7-0 


12 20 


70 


6 31 


8-79 


1515 


70 




43 01 


48-43 


27 -S3 


30- 20 




2'KHi; 


22-1 


2340 


2:V53 


6 


1053 


70 


831 


143 


70 


753 


1043 


17*5 


70 
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/A. 


Tr 


ipie efi« 


*k. 
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^'jfcdrupitr effect. 


*'* 


D x 


I/ g 


/'; 


h 


l\ 


It. 


.*£ ~ *- 


I. 


II. 
47- 


I. 
27-34 


II. 
2975 


III. 


I. 

2i» 


II. 


111. 

23- 1 


IV. 
252 




32-90 


21-7 


7 


1211 


70 


9*3 


1631 


70 


875 


12*1 


20 


70 




41-4% 


47*09 


20-5 


29-20 


3247 


1904 


2134 


2274 


24S7 


8 


13*7 


70 


10*4 


18-23 


70 


9*5 


135 


22*4 


70 




40-77 


40-37 


20-39 


2-«-s5 


32«>1 


19-2;* 


20*90 


22-39 


24-54 


9 


152 


70 


12-22 


2011 


70 


1115 


15*6 


241 


70 




40-05 


45"00 


25 -<0 


2—3 


3150 


lr* -98 


20-57 


22-oa 


24-21 


10 


1652 


70 


1349 


2181 


70 


1233 


1653 


26 


70 




39-24 


45-05 


-45*39 


27-2 


31 "I"."? 


IS 57 


2U-17 


21-67 


23-85 


11 


131 


70 


1474 


235 


70 


135 


17* 


2778 


70 




3V52 


44-31 


24 ->S 


2733 


30-62 


183 


19—1 


21-21 


2351 


12 


195 


70 


15-98 


25 07 


70 


14*9 


1938 


2948 


70 




37+1 


4302 


24-4 


20 +0 


301S 


17-9 


1940 


20-*) 


2321 


13 


20* 


70 


1719 


266 


70 


1583 


2075 


3111 


70 




37 


43 


23*9 


2G-3* 


29-72 


17-5 


191 


20-5 


22-9 


14 


22-2 


70 


1339 


282 


70 


16*7 


22*6 


3263 


70 




30'Z*5 


4227 


23-4* 


259 


2924 


172 


l*-65 


2U15 


22*50 


15 


2354 


70 


1959 


29* 


70 


1812 


2338 


34 09 


70 




33 -57 


41-57 


22-95 


2543 


2879 


1074 


1-29 


19-79 


22-31 


16 


24 83 


70 


2076 


30*6 


70 


1921 


24 59 


3533 


70 




31+5 


40+5 


2244 


24-94 


2-3 


10 00 


17-s 


1940 


21*9 


17 


2609 


70 


21-92 


323 


70 


20 38 


25 91 


36* 


70 
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CHAPTER XI. 

MULTIPLE EFFECT EVAPORATORS. IN WHICH STEAM (-EXTRA 
STEAM") IS TAKEN FROM THE FIRST AND FOLLOWING 
VESSELS FOR OTHER PURPOSES THAN TO HEAT THE NEXT 

VESSEL. 

In the foregoing, those multiple evaporators have been considered, 
in which the steam produced in the first vessel is only used to heat the 
next vessel, i.e., in which the operation of repeatedly using the steam 
is carried out without interference. It is, however, often the case that 
from the first, and frequently from later vessels, considerable quantities 
of steam are taken to be used for other manufacturing purposes. This 
method has the advantage of economising steam, for when steam is 
taken direct from the boiler for other purposes than for the evaporator, 
a certain consumption of fuel is necessitated. Naturally when this 
specially required steam is drawn from the first vessel of the 
evaporator, additional high pressure steam has to be supplied, since 
as much more heating steam must be supplied to the first vessel as is 
necessary to produce the steam taken from it. But then this extra 
steam is produced from the liquor, which is thus freed from the weight 
of water turned into steam, which weight of water has not now to be 
removed by a separate consumption of high pressure steam. 

It is noteworthy that, when this extra steam is taken from the 
second or one of the following vessels, the economy in high pressure 
steam is still greater, for steam is now used for manufacturing purposes, 
which has already removed several times its own weight of water 
in the evaporator. It would naturally be most advantageous to take 
the steam required for other purposes from the last vessel of the 
evaporator, which is indeed done, when practicable, but it must be 
remembered that the temperature of the steam falls considerably 
from the first to the last vessel, and the extra steam must thus 
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EXTRA STEAM. 



The conclusions of the preceding chapter lead to the following 




expressions : — 

Double effect. 



^ 1-103 * 
or 

t, = 957 e ± 7i = 0992 e., ,,, - 995 *., 

«, = 0992 tj «, = 0-995 « s 

c, = 09067 e 3 
.), = 0-9022 e 3 — 

Thus, as a result of the removal of the extra steam, e„ i\ and «•,, 
from the quadruple effect, the total quantity of water withdrawn from 
the liquor is 

D, = c, + e* + e s + 0-995 e s + 09067 e 3 + 9022 e a 
= c, + 1-995^ + 2-8089 e v 

D. gives the quantity of water (or total weight of steam) removed 
from the liquor, when in the iirst vessel e,, in the second c, and in the 
third e 3 kilos, of extra steam are drawn off. 

In Table 19 are given for many cases the weights of water which 
must be evaporated in the separate vessels of a multiple evaporator 
in addition to the ordinary evaporation of the liquor, if the weights of 
extra steam, a,, e it e 3 , are withdrawn. 

If this water, evaporated for the production of extra steam, be 
subtracted from the weight of the liquor, and the remaining water 
still to be evaporated divided among the single vessels as shown 
in Chapter X., and finally the weight of extra steam taken from eaoh 
vessel be added, the total evaporation in each vessel is obtained. 

Example. — W- 100 kilos, of liquor are evaporated in a quadruple oRect 
evaporator from the concentration r/= 10 per cent, to r M = 05 per cent. From 
the first vessel e, = 12, from the second e, = 6 and from the third r , = 4 kilos, of 
trtra steam are to be withdrawn per 100 kilos, of liquor. 

100 kilos, of liquor of 10 per cent, strength will give 



10. 100 



15-38 kilos, of 66 per cent, strength, 
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100 
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Table 19. 

The v/eijfhw of ^earn which mu.%: be evolved in each vessel of a 
multiple evaporator, ana the total quantity of water lost in con- 
sequence by the liquor, if <? : . »?._. and ^ kilos, of «fr»j ato/m are 
token from the vessels. 
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Thus Uifin* taunt l>u evaporated 1<X) - 15-38 = 84*62 kilos, of water. 
Next, to ilfiturmiiii 1 tlie weight of >teani which must bo involved iu each 
vi-ssol in order to produce tin; extra steam. 
From Tnlili! V.) we find :■ - 
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Total, 
35* 19*2 kilos. 
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EXTRA STEAM. 101 

Thus in the first vessel 21 566, in the second 9-616, in I lie third 4-0 kilos, of 
cam, in all 35-192 kilos., are withdrawn from the liquor lor (he formation of 
Ira steam. For evaporation in the regular manner there remain 
£4-63 - 35192 - 49428 kilos. 

The quadruple effect evaporates this weight (Chapter X., p. 86):— 



In the ratio 


0-2161" 


0-2427 


0-2535 


0*844 


Total, 


»,= 


. 10-685 /»j < 


= 12-000 H 


,= 12-&S2 D,, 


= 11 061 


49-423 kilos. 


Add (or extra 












swam ■ 


21-566 


9G26 


4-0 


0-0 




Thus the total 












evaporation ol 










Total. 


each vessel is 


35-361 


21-C26 


IC-682 


14-001 


84-620 kilos. 



The evaporation effected by the transference of heat, i.i-., without sell- 
evaporation, in each vessel, is, on the average, according to Chapter X. 
(pp. 84. 95), 

0-931 x 49-428 = 46-017 kilos.. 
ol which are evaporated 

In rase! - I. II. 111. IV. 

Id the ratio - - 1 1-0055 1-109 1-196 Total, 

d = 10-685 (1=10-725 rl = 11-937 d = 13-770 46-017 kilos. 
Add for extra steam 21-566 9626 4-0 

32-251 20-351 IS-* 



B. What is now the Concentration of the Liquor in 
Each Vessel? 

After finding how much water the liquor loses in each vessel, its 
strength or the percentage of solid matter is readily ascertained. 

If the original liquor contained r, per cent, of solids (in the last 
example, 10 per cent.), and from 100 kilos, there were evaporated in 
the first vessel K, + e, + ij, + *, (here 32251 kilos.), then the per- 
centage of dry material in the first vessel would be 

100t> 100 x 10 ,, u 

'< - 100 - (J), + e t + «, + „) " 100 - 32-251 = U ' 8 *** ° ent "' 
in the second 



100 x 10 

' ioo - (8-3-aa + m m " 21 ' 7 *" ° 6 '"-' 



J 02 RVAPOBATINd AND CONDENSING^ APPARATUS. 

in che third 

LOO x 10 > 

r » ~ 100 - m&r+ 'utm +ri*tm ~ **"-*&* <XSLt - 

and in the fourth 

10 x 10 

r * ~ 100 - (3^351 +■ 21*526 +- 1H-682. -h L±-06) ~ ^ Gen * L 

Since the cases which occur in practice are so extraordinarily 
different, that they cannot be brought within the limits of a table, 
the attempt must be abandoned : when necessary die calculatkxi 
must he performed. 

The commonest case in practice is that in which extra steam is 
taken only from the first vessel : the variations are not then so 
numerous that they cannot be tabulated. Accordinidy Table 20 has 
been calculated for this case ; the percentage strength is given of the 
liquid in the different vessels of the double, triple and quadruple effect 
evaporator for liquids which are thickened from r, = 6-13 per cent, to 
r„ = 50-70 per cent., when extra, .tte*m to the extent of 5, 10» 15, 30 or 
2& per cent, is taken from che first vesaeL 

Finally, in order to facilitate numerous ealculations. Table 21 is 
*<\Az&. It gives the percentage strengths of solutions* which origin- 
ally contained 1-30 per cent, of solids T after 1-35 per eent. of water 
has been withdrawn. 
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T/ABIJ! 30. 

Percentage of solids in the contents of the separate vessels of the double, 
triple and quadruple effect evaporators, for liquids of 01 igitmlly 
r, = 6-13 per cent, strength, when in the first vessel 5, 10. 15. 
30 or 25 per cent, of extra -steam is drawn off. and in the last 
vessel a liquor of 50, 60 or 70 per cent, strength is to be produced. 
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EVAPORATING AND CONDENSING APPARATUS. 



Table 21 



Percentage of solid matter, r„, in liquors, 
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CONCENTRATION OF THE LIQUORS. 



-which originally contained r, = 1-30 per cent, of 
•cent, of water has been abstracted. 
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THE WEIGHT OF WATER WHICH MUST BE EVAPORATED FROM 
100 KILOS. OF LIQUOR IN ORDER TO BRING ITS ORIGINAL 
PERCENTAGE OF SOLIDS, r /f UP TO THE DESIRED HIGHER 
PERCENTAGE r„. 

T?he purpose of an evaporator is, as a rule, to increase the original 
strength of a liquid in solids (dry matter) from r f per cent, to a 
greater strength, r u per cent., by evaporation of water. How much 
water must be evaporated in each case ? 

If there are r f kilos, of solids in 100 kilos, of liquid, and if this 
r f kilos, is to become r u per cent, in the concentrated liquor, then the 
weight, 6 T , of the concentrated liquid is given by 

r ion 
r,:U = r m : 100 or U = '- - .... (98) 

Thus the weight of water to be evaporated from 100 kilos, of 
liquid is 

100 - U = 100 - r ' *°° = 10o(l -£■)'. • . (99) 

| and the weight of water to be evaporated from \V kilos, of a liquid, 
i which contains r f per cent, of solids, in order to concentrate it to 
the strength of r u per cent., is 



W 



- tf-ir(i-£) (ioo) 



Example. — 1000 kilos, of liquid, originally containing r f =. 10 per cent, of 
solids, are to be evaporated to such au extent that the residue will contain r„ = 60 
per cent. Then 



W-U = HXx/l - l £\ = 838 kilos. 
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In Table 22 are given the weights of water which must be 
evaporated from 100 kilos, of liquid containing r, = 1-25 per cent, of 
solids, in order to produce a concentrated liquid containing 20-70 per 
cent, of solids. 

Table 22. 



The weight of water which must be evaporated from 100 kilos, of 
liquid in order to bring the original percentage of solids, r, per 
cent., up to the desired higher r„ per cent. 



T * 



5 * 

5 z 



r/per 
cent. 

1 
o 

3 
4 
5 


r» 
I 

s 

9 
10 
11 

12 
18 

14 
15 
lf> 

17 
IS 
19 
20 
21 
'22 
23 
24 
25 



95 
90 
85 
SO 
75 
70 
05 
GO 
55 
50 
45 
40 
85 
30 
25 
20 
15 
10 



Percentage of solids. r„, to l>o contained in the liquid after 

evaporation. 



20 225 25 275 3o 325 85 40 45 50 60 



The weight of water in kilos, to be evaporated from 

100 kilos, of liquid. 



956 
912 
86-7 
S2-3 
77-8 
78-4 
6S-4 
64 5 
GO 
550 
51-2 
40-7 
428 
87-S 
38 4 
29 
245 
20 
15-6 
11-2 
07 
2-3 



90 
92 

as 

84 
SO 
7G 
72 
68 
64 

r>o 

56 
52 
4-S 
44 
40 
3G 
32 
28 
24 
20 
16 
12 

s 

4 



964 
92 8 
89-1 
85-8 
SI -8 
7S-2 
74 5 
70 
07 2 
63 7 
GO 
56 4 
52 7 
49 
454 
41 s 

38 2 
34 
31 
27 3 
23 7 
20 
10-3 
12-S 
IS 



96*7 

93-8 

90 

SG-7 

83-3 

80 

76-7 

73-3 

70 

00-7 

63 -H 

GO 

50 7 

53-3 

50 

467 

43-3 

40 

3G-7 

33-3 

30 

267 

23-3 

20 

16-7 



96 9 

93-8 

90-8 

87-7 

846 

81 G 

784 

75*4 

72-3 

693 

062 

G3-1 

GO 

508 

53 -s 

50\S 

4S-3 

44 -G 

410 

38-5 

35 4 

323 

29-3 

262 

231 



97-2 
94-3 

9143 

88*6 

85-8 

83 3 

80 

774 

75 

715 

GK-6 

60 

G2-9 

GO 

573 

54 4 

514 

50 

457 

43 

40 

372 

843 

31-5 

285 



975 

95 

925 

90 

87 5 

85 

82-5 

SO 

775 

75 

725 

70 

G7-5 

G5 

02 -5 

GO 

57*5 

55 

52-5 

50 

47 "5 

45 

42-5 

40 

37 5 



97-8 

956 

933 

91-1 

889 

SG-7 

84 5 

82-3 

80 

77-8 

75*6 

73-4 

71 

GS-9 

66-7 

64 -5 

G2-3 

GO 

57 8 

558 

534 

51 1 

48-9 

4GG 

44-5 



98 
96 
94 
92 
90 
88 

86 

84 

82 

80 

78 

76 

74 

72 

70 

68 

6G 

64 

62 

60 

58 

56 

54 

52 

50 



98-4 

96*7 

95 

934 

91-8 

90 

89 

87-3 

85 

833 

S2 

80 

79 

77 

15 

73 4 

717 

70 

68 

67 

65 

63-4 

61-7 

60 

58-3 



70 



93-6 

991 

957 

94 3 

92-9 

91-4 

90 

88-G 

87-1 

85-7 

84- 1 

82-8 

81-4 

80 

78-6 

771 

75-7 

74-3 

72-9 

71-4 

70 

686 

67-2 

65 -S 

64-4 



CHAPTER XIII. 

THE RELATIVE PROPORTIONS OF THE HEATING SURFACES IN 
THE ELEMENTS OF THE MULTIPLE EVAPORATOR AND 
THEIR REAL DIMENSIONS. 



In Chapter X. we have found the ratios of the evaporative 
capacities (not the real quantities of steam evolved, which are some- 
what larger in consequence of self-evaporation) of the separate vessels 
of the multiple evaporator. These ratios were found to vary with the 
fall in temperature in each vessel, aud with the extent to which the 
liquid is to be concentrated, but not to deviate far from a certain 
average value even in the most extreme cases. These mean evapora- 
tive capacities were (p. 86) :— 



In the double effect 
In the triple effect - 
In the quadruple effect 



D 1 :d i = 1:1-045. 

U, : d., : (d 3 + irj*- 1 : 1-0075 : 1 '138. 

D 1 :d i :(d t + <rJ:(d i + <r 4 + XJ 

= 1 : 1-0065 : 1-109 : 1196. 

Let if,. Ho, H 3 and H t be the heating surfaces in sq. m. ; $ mV mi , 
6^ and 6,„ 4 the mean differences in temperature between steam andr 
liquid ; A*,, k.,, k 3 and t, the coefficients of transmission (which depend 
upon the viscosity, the pressure of the steam, the shape and nature 
of the heating surface and all the other conditions) ; and c the heat of 
evaporation of 1 kilo, of steam. Then if the first vessel evolves D t 
kilos, of steam, 



-P. 



HA.A 



and the heating surface required by the first vessel i: 

*.-£$ ■ • • 
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Thus, for the quadruple effect, according to the above, 
1 : 1-0055: M09: 1196 



r. 


•\ 




'-■1 


r. 


1 -0055 *.-.. 


1 109... 


M96 c 4 


«-l*l 


& H ..k . 


^» 3 A- a 


^-4*4 



(102) 



anrl consequently 

H..H.:H 3 :H t = -p.- : -~^ - : t^pl : » """« . (103) 

".«I^": V M .JC. "»aA a "-4*4 

If now we assume the different values for c { . *:.„ t\ and t* 4 to be 
equal, although they may vary from 637 to 6 IS. thus producing only 
a slight inaccuracy, and, further, if we put //, = 1 and k x = 1. ex- 
pressing the values of H and k for the other vessels as fractions, 
since we are now only determining the ratio of the heating surfaces 
t*i one another, then 

K. t = 1, k\ = clA'., Vy = OyA'j. A* 4 = a^A^. 

and the ratio of the heating surfaces to one another is 

//, : H,Jj,_H, = l: ^1-0055 . $..,1109 . S. .,1196 

If l //, H x H } ^-.J^j 0-3*3 ^-*4 a 4 

If the ratio to one another of the coefficients of transmission, k, 
were known, the proportions of the heating surfaces could be 
calculated from equation 104. assuming the desired temperature 
differences in each vessel. 

The coefficient-, of transmission, k t are, however, not known, they 
depend upon the thickness of the liquid, the construction and details 
of the apparatus, the completeness with which the air is extracted, the 
diameter of the heating tubes, whether the steam is in or outside the 
tubes, on the absolute size of the heating surface, its cleanliness, and 
finally upon the effective pressure of the heating steam in each'vesseL 
For, whilst steam at a pressure of 1 atmos. or more strives* rapidh 
to counteract the diminution in pressure produced by condensation 
on the heating surfaces, and passes over the surfaces, steam at a 
low pressure i-» little inclined to do so, and rests more sluggishly iu the 
*itr*am space. It is often drawn off by the air-pipe in order to conduct 
if more rapidly over the heating surfaces. 

AH these different conditions make the coefficient of transmission 
different for each apparatus and each vessel. At the present time 
sufficiently accurate estimations of the coefficient for actual apparatus 
are wanting. Occasional observations made on apparatus in use are 
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rarely quite satisfactory, since the instruments (thermometers, 
vacuum gauges and more rarely hydrometers) are frequently not quite 
oorrect (Zeits. angew. Chem., 5th December, 1899), and because the 
influence of the incrustations actually present is unknown. If we 
give here the coefficients of transmission calculated from a number of 
such observations, it is from necessity, with all reserve, and merely 
with the object of obtaining a rough representation. 

From experiments made by Dr. H. Claaesen on a triple effect 
evaporator of a sugar works (Zeits. des Ver. fur Bubeuzuoker- 
Industrie, March, 1893), aud from other observations made in similar 
factories, the following ratios of the transmission-coefficient for sugar 
juices have been calculated : — 

Vessel I. II. III. IV. 

Double effect - - - 1 : 0'66 — — 
Triple effect - - - - 1 : 070 : 033 — 
Quadruple effect - - - 1 : 091 : 0'75 : 0-55 
If these figures were to some extent reliable for average conditions, 
and if the same temperature difference were desired in all the vessels, 
then the heating surfaces would be in the ratios (Equation 101) : — 
In the double effect „* ' 

1045 
0-66 " 



= 1 : 1-58. 
In the triple effect 



. .10075.1138 . ....„..„ 
l! 070 " 0*3 =ll«-3«*- 
In the quadruple effect 

, 10065 1109 1196 , ,,„.,,„„ ,„. 

1 : urn-- are : ass - : : lm : 1,4S : al76 - 

Similarly, if it were desired to make the heating surfaces of all the 
vessels of equal dimensions, then the differences in temperature (fall 
in temperature) would be in the ratio just oaloulated for the heating 



Example.— It the total available difference in temperature is 60° C, the 

following differences in temperatures for each vessel would be at onoe deduced 

from the above ratio, if the beating surfaces of the apparatus were equal :— 

Vessel I. II. in, iv. 

Double effect - 19-3" 80-7° — — 

Triple effect - ■ 8-58° 12-31" M-IB 8 — 

Quadruple effect - . e-68" fl-W 11-846" 18-88* 

8 
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Since thick sluggish liquids, such as are contained in the later 
vessels, and especially in the last, are only brought by considerable 
differences in temperature into violent ebullition and hence to a rapid 
absorption of heat, it is certainly more advisable, if the last heating 
surfaces are to work effectively and consequently also the first, to in- 
crease the differences in temperature (and not the heating surfaces) in 
these (later) vessels. It is always preferable to make the later vessels at 
the most as large as the first and perhaps even to make them somewhat 
smaller. In no case, however, should the heating surfaces of the 
later vessels be made larger than those of the first, if there are not 
special reasons to the contrary. 

For convenience in manufacture and erection all the vessels may 
be made of the same size, but then sufficient heating surface must be 
added to the first vessel to raise the cold liquor entering it to the 
temperature of this vessel. When extra steam is to be taken from 
one vessel or more, this vessel must be given as much more heating 
surface as is necessary for the production of the extra steam, and 
then the corresponding increase must be given to the heating surfaces 
of the earlier vessels. 

Example. — From 1250 litres of liquor (assumed to weigh 1250 kilos.) 1000 
litres of water are to be evaporated in a quadruple effect evaporator. The initial 
temperature of the liquor is 30° C. below the temperature of boiling in the first 
vessel. From each of the first and second vessels 100 kilos, of extra steam are to 
be taken. 

In order to heat 1*250 kilos, of liquor, the specific heat of which is 1, through 
30° C, 1250x30=37,500 calories must bo communicated to it in the first vessel, 

OCT K/V) 

i.c, as much heat as would be required to evaporate '—^z- = 70 kilos, of water. 

540 

Further, 100 kilos, of extra steam are to be taken from the first vessel, which 
quantity also must be conveyed to it. 

If the second vessel is also to give 100 kilos, of extra steam, for that purpose 

there must, according to Table 17 (double effect, evaporation to j), be developed in 

100 
the first vessel j-xjo = 96*96 kilos, of steam. 

Through extra steam and the evaporation thereby necessitated, 100 + 100 + 
96*96 = 296*96 kilos, of water are taken from the liquor, and there remain 
1000 - 296*96 = 703*04 kilos, to be evaporated regularly in the quadruple effect. 

The single vessels evaporate this, according to Table 17 (p. 85), in the ratio, 

1 : 1-16 : 1-215 : 1*375 (total = 4*75). 

703*04 
Since -rr»£~ — 148 » the single vessels must evaporate 

148 : 171*68 : 179*82 : 203*54. Total, 703*04 kilos, of water. 
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Thus the actual work done by each vessel nr 
of the following quantities of water ; — 
In heating the liquor TO — 



espond Co the evaporation 



Totals - 



41496 271-68 179-82 203-54 



The self -evaporation in the second vessel of the quadruple effect, which wo 
uat consider here in regard to the production of extra steam, for 100 litres of 
juor (i.e., for 75 litres of water), is s, = 1-77 kilos, (p. 85), 
196-96 x 



thus in this ci 



75 



4-646 kilos., 



i the quadruple effect (regular evaporation), for 100 litres of li 
= 1-77, s,= 1-46, s, - 2-35, 



thus in this case 



703-04 x 1-77 



70304 x 1-46 



16-30, 

The evaporation to be effected by the heating surfaces is thus 

414-90, 250-70, .166-14, 181-52 kilos. 
We may now correctly assume, in order to obtain greater differences of 
temperature in the later vessels, as we bave also done in deducing the co- 
efficients, k. from the experiments, that 1 sq. m. o( heating surface has almost 
the same efficiency in each vessel. Then the later vessels can undertake the greater 
evaporation, laid upon them by the nature of the conditions, by reason of their 
greater fall in temperature. The effective capacity differs in different evaporators 
according to construction and circumstances. If we assume for the preceding 
- case that each sq. m. of heating surface can develop 20 kilos, of steam per hour, 
then the following heating surfaces are indicated ;— 

Vessel I.^yFor heating, -- = 3-5 sq. m. 

For the development of 100 kilos, of 






100 

'" 20 



For the 96-96 kilos, of stear 
quired to produce extra « 



For the regular evaporation of the 
quadruple effect, ^ 
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Vessel II. -^Q + -qo - — 12 '*>* *!• *&• 



166* 
"20 

1 81*52 
20 ' "> 



Vessel III. -^ = 8-32 

Vessel IV. ^^ = 9-76 



Total ..-- 51-368 S n f. ), . 

The weight of water, which 1 sq. m. of heating surface evaporates 
in one hour in the multiple-effect evaporator, cannot be stated as 
universally applicable, since it varies greatly on account of all the 
reasons previously given, which cannot be expressed in calculations. 
It is therefore necessary to take the figures of practical experience. 
Ordinary vertical evaporators, with brass heating tubes of 1000 mm. 
length and over, evaporate from liquids which present no obstacles to 
evaporation : — 

In the single effect : 70-80 litres of water per 1 hour and 1 sq. m. 

In the double effect : 30-36 „ „ „ „ „ 

In the triple effect : 20-25 „ „ „ ,, ,', 

In the quadruple effect : 18-21 ,, ,, „ „ „ 

The same apparatus with the liquor at a low level : about 10 per 
cent. more. 

Apparatus with wide horizontal heating tubes : the same. 

Apparatus with narrow horizontal heating tubes: about 15 per 
cent. more. 

Iron heating tubes decrease the evaporation by 10-15 per cent., 
chiefly on account of the greater incrustation. 

Apparatus, in which the liquor flows in a thin film over the heating 
surface, does not evaporate more than that in which the liquor stands 
at a low level. 

Many liquids evaporate with difficulty, the amount of evaporation 
from 1 sq. m. of heating surface is then very much less. 



CHAPTER XIV. 



Larger or smaller quantities of evaporating liquids, and in particular 
drops, are always thrown above the bubbling surface. The current of 
steam, rising along with the drops, exerts on them a driving or lifting 
force, to 3iich an extent that they frequently rise very high in the boil- 
ing pans and may even be thrown out, thus giving rise to loss, which 
might be avoided. 

Finely divided jets or sprays of liquid, upon which the current of 
gas or vapour, intentionally or naturally produced, exerts a moving 
action, are often intentionally produced in condensers and cooling 
apparatus. 

The nature of this action must be known, in order that apparatus 
may be suitably constructed with regard to it. 

The action of a current, of steam upon drops is due to the pressure 
it exerts upon them. This pressure depends upon the velocity of the 
•urrent and the density of the air or steam. We shall therefore en- 
deavour to ascertain the action of gas and steam of various densities, 
velocities and directions, upon drops of different sizes. 

It must be definitely stated, that, in consequence of the want 
of exact research on this subject, the following considerations are 
based upon certain experiments not made under quite our conditions 
(Qrasbof, Theoretische Maschinenlehre, Bd. I.), and on certain in- 
complete observations of the author's, and must therefore be regarded 
as only tentative. 

The pressure, which an unbounded current of steam, moving with 
a velocity of not more than 10 m., exerts upon a plane surface of 0*1 
to 1 sq. m. at right angles to its direction, is : — 

D-*.y,.«.g (105) 
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where D = the pressure in kilos., 

Q = the plane surface in sq. m., 

y, = the weight of 1 c. m. of air in kilos., 

v = the relative velocity between the air and plane in 

metres, 
g = the acceleration of gravity (9*81), 
xj/ = a numerical coefficient. 

This coefficient is, according to Grashof, dependent upon the size 
of the surface and is : — 

For surfaces of Q = 01 025 0-5 12 4 sq. m. 

^ = 186 204 218 2-34 2*51 2-69 

The same values hold good for the pressure of moving water upon 
a plane surface. 

For spheres of 100-200 mm. diameter, which move in water, 
according to Piobert, Hutton, Borda (Grashof), in the mean, 

^ = 054 (106) 

According to experiment of Didion with spherical projectiles, of 
120-150 mm. diameter, moving very rapidly through the air, 

^ = 0-43(1 + 00023 v) (107) 

which would give for velocities of 10-50 m. a mean value of 
</r = 0-4597. 

Now \p decreases with decreasing surface, and hence for plane sur- 
faces smaller than 01 sq. m. would be considerably less than 1*86. Also 
the coefficients for air and water have been found to differ little. We 
shall therefore take for the estimation of the pressure which air exerts 
upon drops of water, 0*25-10 mm. in diameter, the value \f/ = 0*6, 
believing that this figure is quite on the safe side. 

The pressure of air upon floating drops would accordingly be 

D = 0-6 7l .Q.|^ (108) 

whence I 2Da 

• = VoCu (,09) 

We shall assume that these equations also hold good for gases and 
vapours, heavier or lighter than air, when the weight of 1 cub. m. of 
these gases is inserted for y lt although we believe, reasoning from 
known facts, that in reality the pressure of currents of air upon drops 
is less than that calculated from equations (108) and (109). 
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A drop of liquid is spherical when forces act upon it evenly ; but 
when unequal pressures are exerted upon it, as by currents of air and 
steam in one direction, it is flattened upon the side on which the 
pressure is exerted, thus its diameter will be somewhat increased. 
This circumstance, which is beyond a simple calculation, mast be 
neglected, though it increases the pressure upon the drop, i.e., a 
smaller velocity is required to make the pressure upon the drop equal 
to a given fraction of its weight. 

Table 23 has been calculated by means of equation (109), it gives 
the velocities, which currents of carbonic acid, air, and steam at 
100°-I(r C. must have, in order to exert upon drops of 01-10 mm. 
diameter pressures equal to, and double, their weight. In the case of 
drops of liquids lighter or heavier than water, these velocities will be 
less or greater ; they may be calculated in each case by means of 
equation (108), putting for D the weight of a drop of the particular 
liquid. 

Table 23 is to be used with caution, for probably the velocities 
really necessary in order to exert the pressures, G and 2G, are greater 
than are given. However, two conclusions may be drawn : — 

1. The smaller the drop of water,, the smaller is also the velocity of 
the current of steam which exerts a pressure upon it equal to its own 
weight, 

2. The lower the pressure of the air or steam, the greater must be 
the velocity to exert a pressure equal to the weight of a drop. 

Or, in other words, with increasing pressure and velocity of the 
current of air or steam, the danger increases that floating drops will 
be carried away with it. 

The volume of the steam and also its velocity in the same section 
of the apparatus increase approximately in simple proportion with an 
increase in the vacuum (i.e., approximately in inverse proportion to 
the absolute pressure). The pressure upon the drop, and hence the 
danger that it will be carried away with the steam, increase, however, 
with the square of this velocity. 

From these facts the conclusion follows : that the sections of the 
apparatus, in which floating drops of water are not to be carried away 
by the current of steam which meets them, must always be determined 
for the greatest vacuum to be expected (i.e., for the lowest possible 
pressure expected). 
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Table 23. 

The velocities of currents of carbonic acid, air and steam of different 

water, 0*1-10 mm. in diameter, equal 



Diameter of the drop in mm. - 




0-10 


0-25 


0-50 


Volume of the drop in cub. mm. 


. 


00005233 


000819 


0-0656 


Section of the drop Q in mm. - 


- 


000785 


0049 


0-196 


-, A . Weight in kilo. 
Ratio : <-, . — = yr-. 




00666 


0168 


0-334 


Surface Q in sq. m. 










2Pg 




2-1778 


5-493 


10-922 


o-6 g 










The velocity of the current of gas or steam when 


Carbonic acid at 0°C, y = 1-873 


1 atm. abs. 


1-04 


1-66 


2-35 


Air at 15° C, y = 1225 


»» 


1-33 


2-11 


2-98 


Steam at 100° C, y = 0*6059 


*» 
Vacuum. 


1-89 


3 


4-24 


90° C, y = 0-42829 


235 mm. 


2-25 


3-6 


501 


80° C, y = 0-29582 


406 „ 


2-71 


4-3 


6-07 


70° C, y a 019928 


527 „ 


8-3 


5-2 


7-4 


60° C, y = 018114 


612 „ 


408 


6*44 


91 


50° C, y = 008836 


668 „ 


519 


8-1 


11-4 


45° C. f y = 006576 


689 „ 


5-74 


91 


12-8 


40° C, y = 005119 


706 „ 


6-5 


10-3 


14-69 


35° C, y = 003975 


720 „ 


74 


11-74 


16-55 


30° C, y = 008086 


729 „ 


8-4 


12 


18-8 


25° C, y = 0-02320 


737 „ 


9-6 


15-36 


21-7 


20° C, y = 001753 


743 „ 


111 


17*69 


24-96 


15° C, y = 001319 


747 „ 


12-8 


20-4 


28-70 


10° C, y = 000951 


754 „ 


151 


24 


33-5 


The ve 


locity of the < 


current of g 


as or steam 


when its 


Steam at 100° C. - 


1 atm. abs. 


2-67 


4-2 


6 




Vacuum. 








90° C. - 


235 mm. 


3-18 


51 


7*14 


80° C. - 


406 „ 


3-82 


61 


8-6 


70° C.- 


527 „ 


4-68 


7-4 


10-4 


60° C. - 


612 „ 


5-70 


91 


12-9 


50° C. - 


668 „ 


735 


11-4 


1618 


45° C. - 


689 „ 


8-12 


12-9 


18-2 


40° C- 


706 „ 


9-2 


14-6 


20-6 


35° C. - 


720 „ 


10-4 


16-6 


23*4 


30° C. - 


729 „ 


11-8 


170 


26-60 


25° C. - 


737 „ 


13*7 


21-7 


30-61 


20° C- 


743 „ 


15-78 


25 


35-7 


15° C.- 


747 „ 


1816 


28-8 


40*8 


10° C- 


751 „ 


21-35 


32-5 


48 
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Table 23. 
pressures, at which these substances exerts pressures upon drops of 
to, and double, the weight of the drop. 



1 


S 


S 


4 


5 


6 


7 


8 


9 


10 


0625 


4-2 


1415 


38-6 


65-4 


113 


179 


271 


362 


535 


0-786 


314 


71 


12-6 


19-6 


28*3 


38*5 


50-2 


63-6 


786 


0-668 


1-337 


2-0 


2-666 


3-336 


4*0 


4-66 


5-4 


6-0 


6*688 


31-8*4 


43-71 


65*4 


87-17 


109-08 


180-8 


152-05 


176-58 


196-2 


218-69 


itspr& 


laursia 




qualtot 


e weight 


of the dr 


op. 




3-31 


4-69 


5-74 


6-63 


7-41 


8-19 


8-77 


9-38 


9-95 


106 


4-22 


6-96 


7-3 


8*43 


9*43 


10-3 


11-1 


11-9 


12-6 


13*3 


6 


8-48 


10*3 


13 


18-4 


14-66 


16-84 


17 


18 


19 


714 


1009 


12-3 


14-14 


15-96 


17-46 


18-84 


20-2 


21-4 


22-5 


8-6 


12-12 


14-8 


1718 


19*2 


31 


32-67 


24*4 


25*7 


27-2 


104 


14-78 


18-1 


20-9 


23*4 


25-6 


27-63 


29*6 


31 -3 


831 


12-9 


18-24 


22-3 


86-8 


28-86 


31-57 


34 


36*8 


38-4 


40'8 


16-1 


22-89 


28 


832 


36 


39 


42-7 


46 


48-5 


51-2 


18*2 


25-80 


31-6 


36-3 


40*8 


44 


48-1 


51-6 


54-2 


57-7 


30-6 


29-2 


36-6 


42 


46*2 


60-5 


54*5 




62 


65-4 


23-4 


33-5 


40-6 


47 


62-4 


57-2 


61-86 


66*70 


70-2 


74-3 


26-6 


38 


46 


53-2 


59-5 


66 


70*2 


75-7 


79-7 


843 


3061 


48-2 


53-2 


61-2 




75 


80-96 


87-6 


91 -8 


97-1 


36-7 


50 


61-1 


70*6 


78-9 


86-5 


93-3 


100 


105-8 


112 


40-8 


57*8 


70 


81-5 


91 


99-5 


107*2 


114 


121-8 


126 


48-0 


68 


S3 


96 


106-7 


117 


126-4 


136 


143-5 


155 


i- 




■—» 


1 to double the weight of th 


.....p. 


B*48 


13 


14-6 


16*97 


18-97 


20*76 


22-38 


24 1 


25-4 


26-8 


1009 


1414 


17-4 


20*2 


22*58 


24*7 


26-64 


28-7 


30*2 


32 


12-12 


17-18 


21 


24*08 


271 


29-7 


32 


34-2 


36-4 


38-4 


14-78 


20-9 


25-6 


29-59 


33 


36-8 


39 


42 


43*4 


47'2 


18-24 


25-8 


31-6 


364 


40*08 


448 


48-1 


52 


54*3 


57-7 


22-9 


32-2 


39*2 


466 


611 


64-6 


60*4 


66 


68-5 


72* 


36-7 


36-3 


44'7 


51-6 


57-7 


63 


68 


73-2 


77-5 


81*6 


29-2 


42 


50*6 


68-5 


65-3 


71*8 


77 


83-9 


87-5 


92-4 


33 


47 


67-3 


666 


74 


81 


87-5 


94-2 


99-5 


104-8 


37-4 


53-2 


66-3 


76-4 


84 


92 


99-76 


107 


112-6 


118-7 


43-3 


61*2 


75-3 


86-7 


97 


106 


114-4 


123 


130 


137-0 


60 


70-6 


86*6 


100 


111 


122 


131*9 


141 


149-6 


168 


67-5 


81-5 


99 


114-8 


128 


140 


151-6 


163 


172-3 


182 


67-5 


96 


117 


136-6 


151 


166 


1788 


193 


203 


230 



CHAPTER XV. 

TUK MOTION OF FLOATING DROPS OF WATER UPON WHICH 

PRESS CURRENTS OF STEAM. 

A. Vertical Currents of Steam upon Falling Drops. 

Wk shall first enquire what upward pressure a current of steam may 
exert upon falling drops without carrying them with it. 

When a drop is loosened from a fixed point in a vacuum and falls, 
its velocity, i\ after the time, *, and the height, A, through which it 
has fallen, are obtained from the well-known equations, 

f* - «;* - V^T * = *</** = £, t = r -=y—. .(110) 

J y Jr 

in which </ is the attraction of the earth = 981. 

Since the attraction of the earth imparts a very small velocity to 
the drop in the first moment, and in the second, third, etc., moments 
adds a second, third, etc., equally small velocity to the first, the 
total velocity increases uniformly, and is. after one second, 9*81 m. f 
after the second second 2 x 9*81 = 1963 m.. etc. 

The velocity of the fall attained after the first second, known 

« w 

as the acceleration of gravity, is generally symbolised byg; g = 9*81 m. 
Any constant pressure exerted upon a drop in any other direction 
naturally gives it an accelerated motion in that direction, and this 
acceleration is directly proportional to the pressure, since the mass of 
the drop remains the same. If the constant pressure of the gas or 
steam is equal to the weight of the drop, then the acceleration, which 
it imparts to the drop in its direction of action, is also equal to the 
acceleration of gravity, g = 9*81 m. A pressure on the drop, x 
times as large as its weight, communicates to it in its own direction 
an acceleration x times as great as gravity. 
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Thus if the pressure be known, which a current of air or steam 
exerts on a drop, the acceleration which this pressure imparts is also 
known. If the weight of the drop is G, and the pressure D, then the 
acceleration due to the pressure is 

D 

9i - q9- 

Now that this is clear, we may follow the motion of the drop, 
when the known pressure is exerted upon it in its direction of motion, 
in the opposite direction, or at an angle. 

We shall take for consideration those cases which may occur in 
evaporators and condensers, in order to obtain from the results a 
basis for calculating the dimensions of these pieces of apparatus. 

If a drop is falling vertically in a uniform current of steam, which 
is ascending vertically, and the pressure of which upon the drop is 
less than the weight of the drop, the fall takes place with increasing 
velocity, but decreasing acceleration, until the sum of the velocities of 
the steam, v dt and of the drop, v tt causes a pressure upon the drop 
which is equal to its weight. The sum of the two velocities, v d + v t = 
v, may be calculated from equation (109), and may be obtained from 
Table 23 for steam of known pressure and velocity. Then the 
velocity of the drop alone at this moment is immediately obtained 
by subtraction, v t = v - v d , so that v d and v t are then known. 

The height of fall of the drop, at the moment in which the 
opposing pressure is ,equal to its weight, is obtained from the 

equation v t = Jtyjh, in which g x is variable. 

If the pressure of the steam upon the drop at the top of the fall 
is D and at the bottom G, then g x alters during the fall from 

G - D . G- G A 

9i = — q— 9 t0 9i - —Q—9 - 0. 

and in fact according to a function of v. Although it is not quite accu- 
rate, yet a tolerably correct representation is obtained by assuming that 

the mean value of g l is °~ D 9- Whence we find that the height, h y 

through which the drop must have fallen in order to attain its 
greatest velocity is 

• h -G-D- < m > 



26 



-9 
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If the drop has fallen so far, it will theoretically continue falling in 
the uniform current of steam at a uniform velocity without accelera- 
tion ; as a matter of fact, friction will influence this velocity. 

If the velocity of the current of steam which meets the falling 
drop is not regular, but is large below and zero at the point from 
which the drop starts, thus diminishing from below upwards, then 
the height, to which the drop must fall in order to attain its greatest 
velocity, is found from the law according to which the speed of the 
current of steam decreases, and the distance through which the 
decrease takes place. 

In opposite current condensers this distance is equal to the height 

of the condensers from the steam entry to the water distributor. The 

decrease in velocity is irregular, being slower above than below ; it 

follows approximately the law given in Chapter I. But all the factors 

of influence can only be introduced hypothetical! y into the calculation, 

which is therefore omitted, especially since the results are not of great 

practical importance. There is no great deviation from the truth if 

we assume that the height of fall of the drop until it attains its 

v t 
greatest velocity is h = — . 

The drop falls with increasing velocity in the opposing current of 
steam, and reaches its greatest velocity at the point where the 
opposing pressure is equal to its weight; then its motion becomes 
slower and slower, until it reaches the point at which the opposing 
pressure of the steam, D, alone is equal to double the weight of the 
drop, i.e., at which D = 2G. With a uniformly increasing velocity 
of the steam this would be at the distance, 2h, from above. Here the 
velocity of the drop becomes = 0, but the pressure of the steam at 
once carries it up again. Its upward velocity now increases, and it 
finally oscillates about the point, at which the pressure of the steam is 
equal to its weight, where it may come to rest. 

Although this representation of the process is not quite exact, 
since the velocities of the steam and the drop in the opposite current 
condenser are in a complicated relation to one another, and the con- 
densation, the friction and the presence of the many other drops 
considerably affect the movements, yet it gives an approximate picture 
of the motion of the drops and allows two important conclusions to be 
drawn. 
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1. The condensation in an opposite current condenser must always be 
> conducted that all the steam, at the furthest, is liquefied at the water 
iatribator ; for if steam is still present here, there will still be currents of 
earn, and the possibility that drops may be carried out of the con- 
enser. 

2. The speed at which the steam enters an opposite current con- 
enser (without steps), ought never to be so great that it can exert a 
ressure equal to double the weight of a drop of water. If the condenser 
as several steps the velocity of the steam ought only to exert a pressure 
ymewhat greater than the single weight of a drop. 

Id the parallel current condenser the current of steam enters at 
tie top, along with the falling drops of water, and follows their direc 
ion ; it therefore exerts a pressure on them when it moves more 
apidly than they fall, which is almost always the case. Consequently 
he drops fall faster — they more quickly reach the lower part of the 
ondenser — their time of fall is less than when they fall free. 

Since the velocity of the steam diminishes to zero towards the 
iottom, but the speed of fall of the drop increases towards the 
>ottom, the accelerating' action of the steam is not very great. It 
arely increases the velocity of the drop by more than one quarter. 

The jets and sheets of water present in all condensers are very 
auch less influenced by the steam currents, it may be because these 
:urrents meet them sideways. 

3. Horizontal or Inclined Steam Currents meet Falling Drops. 

When a current of air or steam moving in a horizontal direction 
itrikes a drop of water falling vertically, the latter is deflected from 
ts vertical path. If the side pressure upon the drop begins from the 
tame moment as its fall and is equal to its weight, then the drop 
'alls at an angle of 45 s with the horizon, since the horizontal acceler- 
ation is equal to the vertical. With a lower pressure tbe angle is 
more obtuse, with higher pressures more acute. 

If the horizontal pressure is several times greater than the weight 
>f the drop, the direction of fall may approach very nearly to the 
horizontal, but can never rise above the horizontal, since the forces 
wst only from the side and downwards but never upwards. 

Should the drop already have fallen vertically through a certain 
iistanee before the side current meets it, the deviation is considerably 
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leas, since now in equal intervals of time the vertical velocity 
greater than the horizontal. The danger that the drop will be curri 
with the aide current ie therefore leas. The connection can be se 
more dearly from the annexed Fig. 12, than it could be made 
many words. 




If the direction of the current of steam is inclined upwards at t 
angle a towards the horizon, then the drop of water will still f. 
below the horizon if the pressure of the side current, D, is less th 
G 



OBLIQUE UPWARD CURRENTS OP STEAM. 

; driven upwards 
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If D is less than G, the drop cannot I 
an>;le; it always falls downwards. 

If the side pressure, D, is equal to the weight of the drop, 0. the 
drop falls downwards when a is less than 90". When a = 90' (i.e., 
sin a = 1) the drop is kept exactly in its place. 

If D be greater than G, the danger that the drop may be carried 
upwards occurs even with small values of a. When D is 1*25, 1'5 or 
20 times as great as G, the angle which the current of steam may 
make with the horizon upwards, may not be greater than 



\D« 



> G, 125 G sin a = 



'1-25J 



1-25' 
i = 63°, i 



■5 ° r 2' 
' or 30°. 



The velocities of the currents of gas and steam, which, acting upwards 
at an angle of 30°, 45° or 60 s on floating drops, drive them in a 
horizontal direction. 



it 



Diameter o[ the drop of water in □ 



01 0-35 0-5 



■5 1 2 3 i 5 



7 8 9 li 



Velocity of the current of gas and steam ii 



-;-:>: ni-jr; 
0-*J *■;,'. 
639 7-81 

11-34 14-5 

10-0 I •>■:>( 

■51 10-43 



10'74|11-B 12-66 13-79 14-45 
9-001 9-9 lOWU 48 1^-10 
8*18 9-0 9*67.10-4411-0 

13-24 14-50 15-65 1687 17 ■« 
1106 lli-16 1300 14-10 15-0C 
10 11 Il-12Jll*95ia-90 13-63 

13-7520-6 21-H 23-8926-28 
15-83 17*4 118*7 Jl9-18 21-81 
13-0414*3 |15-9 17-1718-1 



In Tabia 24 are given the velocities of currents of carbonic acid, 
and steam (the latter at 100" C), at which, striking upwards at 
;les of 30 s , 15° and 60° upon drops just beginning to fall, these 
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currents cause the drops to deviate into the horizontal direction. 
Thus if such currents are not to carry drops up with them, they 
should be given smaller velocities than those in the table. 

A special case is that in which a drop, just falling from an edge, 
is met by a current moving in a circle round this edge. In this case 
too, D should not be greater than G t if the drop is not to be carried 
upwards. 

Since the distance traversed by drops in apparatus is never very 
great, and their velocity is generally high, it follows that the time 
during which the drops move freely is usually very brief. Thus it 
often happens that before the pressure of the steam can materially 
deviate the course of the drop, it has arrived safely at its destination. 

The cases just treated occur in dry opposite-current condensers with 
horizontal or inclined diaphragms. We learn that the sections between 
the diaphragms must be made so large t that the pressure exerted upon 
the drops by the velocity of the steam can never exceed their weight. 

C. A Vertical Current of Steam meets a Drop thrown 

Obliquely. 

In Heckmann's froth separator, Ger. Pat. 70,022 (Fig. 13), two 
other cases occur. The drops are thrown from the froth-plate either 
horizontally or at a downward angle and the current of steam generally 
meets them from below. 

If the drop flies horizontally from the froth-plate, its weight draws 
it downwards and it falls through the space, s fi in the time, t. 

*/=|< 2 ("2) 

The pressure of the current of steam from below forces it upwards, 
and it rises in the same time, t, through the space. 

3 > = G 9 f (113 > 

The vertical path is therefore 

'-»-''-'i*-- l*-°4( i -%)- ■ ■ <»«> 

If -^ = 1, then 5 = 0, i.e., when the upward pressure is equal to 
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the weight of the drop, the latter continues in the horizontal direction 
without deviation upwards or downwards. If the pressure D is greater 
than G, the drop is carried upwards by the current of steam ; if the 
pressure is smaller, the drop falls slowly downwards. 



-4-.H 




Fio. 13. 

If, in consequence of the shape of the foam-plate, the drop 
acquires a motion inclined downwards to the horizon at the angle 
a, and the velocity c, whilst a current of steam acts upon it vertically 
from below with the pressure D, the drop describes the downward 
space, s„ in the time, t, in consequence of its original velocity. 

s„=e(sin tt . . . . . . . (115) 

The path downwards, due to the earth's attraction, is 

s / = i£i* (116) 

The path upwards, due to the current of steam, is 

— %V «™> 

Its total movement from the horizontal is therefore 

s m s „ + s, - s d = ct sin a + iyt 2 - g |( B . . . (118) 

0r s-ctnn* + lgp(l - ^) (119) 
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Equation 4119) indicates that the curve, in which the drop mores 
downwards, is a parabola ; we shall, however, assume now for the 
sake of simplicity that the path is a straight line, from which, as a 
matter of fact, it deviates bat little in the portion considered. 

From equation (119) it is also seen that, when the pressure of 
the steam current D from below is lest than the weight of the drop, 
the latter falls below the direction in which it was thrown off, and 
that when D = G, it moves in that direction, i.e., at the angle a with 
the horizon. 

If D is greater than G, the drop will be carried on to the wall of 
the apparatus above the direction at which it was thrown off. If it 
is assumed that it rebounds at the same angle as that at which it hit 
the wall, and is now carried on the rebound by the upward current 
of steam to the same extent as before, this direction of rebound must 
not lie above the horizontal if the drop is not to be carried away 
upwards. 

The pressure from below should thus at most have the effect of 
raising the drop through half the angle of inclination of the plate 

/that is, by ^j. 

8 = ct cos a tan ~ (120) 

Now s d = $„ + s f - s, 

therefore Dy 4 * , • . 9*> * a /10 n 

s d = r U* = ct sin a + kt- - ct cos a tan ^ . . (121) 

Hence we obtain the relation between the pressure exerted by the 
steam and the weight of the drop : — 

j; - 1 = —(sin a - cos a tan ^ j .... (122) 

The velocity, c, with which the drops are thrown off from the 
plate is rarely less than 20 m. per second, but is generally 30 m. or 
more. The vessels, in which this separation of drops takes place, are 
rarely more than 3000 mm. in diameter, the distance from the wall is 
thus 1200 mm. at a maximum, since the plate in this case would be 
more than 600 mm. in diameter. The time the drop requires in order 
to reach the wall under these circumstances is given by 

20* = 12 
or t = 06 sec. 
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Id this time of 006 sec. a drop may fall freely through 18 mm. 
If the plate has an inclination of 10° towards the horizon, then the 
drops flying off in a straight line from it would hit the wall 224 mm. 
below the horizontal. The pressure of the steam from below thus may 
raise the drop (without danger of carrying it away) through : the 18 
mm. through which the attraction of the earth drags it down, and then 
through about half 224 mm., i.e., through 18+ 112= 130 mm., for which 

roughly a pressure equal to ^j-j- = 7 times the attraction of gravity would 

be requisite. 

If the following substitutions be made in equation (122) the results 
contained in Table 25 are obtained : — 



J = 0-06, 0-03 and 001 sec. 
The results indicate how many times the pressure D may be 
greater than G before danger occurs that the drop will be carried 
away. It will be seen that, under ordinary circumstances, a small 
angle, a, is sufficient quite to exclude this danger. 

Table 25. 



' 


c = 30 m. c - 30 m. 


c = 50m. 


Value of g when a = 10". 


006 
003 
001 


735 
13-70 
3916 


1052 
20 00 

48-60 


16-88 
32-72 

86-28 
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P. at the surface and by P„ at the highest point, then the mean 

P + P 
pressure is approximately + " — ■ and the mean acceleration 

P + P 
tbey receive from this pressure is ± V,, ° g. Consequently the 

velocity imparted to them in the time, t, by the current of steam is 
P. + P. . 

The total velocity of the splashes will therefore be 

>, — Jlt^pil (123) 

At the highest point, at which v, = 0, 

« + -2ffV-9' < 1M > 

Thus the time required to reach the highest point is 

'I 1 " "JO-) 

The distance described by the drop in the time, t, i.e., the height 
to which it has risen in the time, t, is 

h,-ol-i,f + ^±^' J ^ (126) 

or 

*,.t(c + o- s « + 5^v) .... (127) 

If v, is inserted for the value in equation (123), then 

*.-j(« + «J (128) 

When n, = (at the highest point), 

K~y (129) 

or, inserting the value of t from equation (125), 

a »( ] " SB-) 
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pressure in the tube, the greater is the velocity with which the liquid 
enters. 

The pressure of the column of liquid is due to its height outside 
the tube minus the height of the liquid in the tube. The velocity 
with which the liquid enters the tube at the bottom, and consequently 
also the quantity of liquid carried into the tube, is greatest when the 
tube contains only steam throughout its entire length. This extreme 
case is, however, unusual. The contraction, due to sharp angles and 
the cylindrical form of the tube, causes the theoretical velocity of entry 
not to be quite attained. We shall therefore assume, by analogy with 
vertical jets of water, that the greatest velocity with which the liquid 
enters at the bottom is 

r, = 0-8 Jfyl (131) 

where I is the length of the tube in metres. 

The volume of liquid, V„ in litres, which enters at the bottom of 
the tube in one second, is 

= oW%i^io 

= 2d% yj^l (132) 

if d be the diameter of the tube in decimetres. 

The volume of steam, in litres, formed in the tube in 1 second, and 
which thus must leave it at the top, is 

d*twl000 



V* = 



10 > 



36y 

in which w is the evaporative capacity in kilos, per 1 so,, m. per hour. 
Thus the total volume, in litres, which must leave the tube in one 
second, is 

V, = V, + V d = 2<f^r J2gl + -|JH . . . (134) 
The velocity, in metres, with which this volume leaves the tube, is 



►h£ < 136 » 
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and the height, in metres, to which the. liquid would be thrown with. 
this initial velocity, if no other force acted on it. is theoretically 

*-«.£ (136) 

This theoretical height of spiralling Ls sriven in Table 26 : other 
necessary <iara for it* estimation will also be found in the same place. 
me. : — 

{a) The volumes of steam, F„ in litres, produced in 1 second in 
tubes of 30, >0, SO and 100 mm. bore and 1 m. Length, when 10. 20. 
30 and -50 litres of water are evaporated by 1 sq. m, of heating surface 
per hour, under atmospheric pressure and vacua of 234, 405 , 611 and 
705 mm. 

(h) The volume of liquid, V\ in litres, which enters at the bottom 
of empty tubes of 30, 50, SO and 1<X) mm. bore in 1 second, when the 
external pressure of the liquid is 0-333. O'o, 0*667. 1. 1*5, 2 or 3 m. 

if-) The calculated velocities. <:, with whicn steam and liquid are 
thrown out of the tubes, when the tubes are 1. 1-5. 2 or 3 m. long. 
(a) When the height of the liquid outside the tube is equal to the 
length of the tube. i.*.. when the hydrostatic pressure is 
equal to the length of the cube. 
(ft) When the height of the liquid outside the tube is only \ of 
the length of the tube, i.e., when the hydrostatic pressure 
is equal to .1 of the length of the tube. 

id) Finally, in the same table are given the theoretical heights, 
h„ to which the liquid would rise, without regard to the action of the 
current of steam, for all these cases and also for the case that liquid 
stands over the ends of the tubes (denoted in the table by t.c. — tubes 
covered;. 

In regard to the last series of figures, it is to be remarked that, 
when the steam and liquid emerging from the tube have to penetrate 
a more or less thick layer of liquid before reaching the surface, they 
have accordingly in proportion to overcome resistance in the layer of 
liquid, the steam bubbles then spread out to the sides and their 
velocity is retarded. 

In heaters with vertical tubes, which generally stand very near 
together, the steam spreads out as soon as it leaves the tubes to such 
an extent that the isolated currents from the single tubes unite into 
one, the section of which is equal to the whole section above the tubes. 
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The distances apart of tubes vary in different apparatus. The 
■distance from centre to centre may be approximately, 
with tubes of 30 50 80 100 mm. bore, 

about 45 65 95 115 mm. 

Thus the ratio of the section of the tubes to the section of the open 
space above them is as 

1 : 2-479 : 1-877 : 1-573 : 1-508 . . . (137) 

We shall assume that the average ratio is 1:1-746; then the 

velocity of the current of steam above the ends of the tubes is 

and the theoretical height of the splashes, without regard to the action 
of the current of steam, is 



" (1746)% 



(138) 



IJhe heights of the splashes for evaporating apparatus, in which the 
liquid covers the ends of the tubes, have been calculated by means of 
this equation (Table 26d, denoted by i.e.). 

The velocities, e, when the height of the liquid is 1, 1-5, 2 or 3 m., 
are divided by 1746 in order to obtain the velocity of steam and 
liquid in the larger space above the tubes. The velocity so obtained 
is then squared and divided by % = 2 x 981 = 19-32, by which the 
theoretical height of the splash is obtained. 

In the calculation it was assumed that the tubes were quite free 
from liquid ; other retarding influences were also disregarded. The 
presence of liquid in the tubes diminishes the hydrostatic pressure 
and thus the velocity of entry and the quantity of liquid entering. 
The internal height of the liquid is naturally variable ; it will be 
larger the more slowly the evaporation takes place. 

Further, the thickness of the liquid and the height at which it 
stands over the plate, in which the tubes end, have been disregarded, 
since both conditions, in the lack of observed figures, cannot he 
introduced into the calculation. 

The quantity of liquid above the plate, which is constantly being 
renewed by the stream from the sides, has also been disregarded in 
estimating tbe velocity. It somewhat increases the volume, thus 
the velocity, and therefore the height of the splash ; it diminishes the 
height of the splash by absorbing kinetic energy. 






-r *i.e . V- -:;0&V»;l ll*E !>• ^\nr-^rr- T^*2I tic 3 * V--:C1t 

...^ -. ;:.- r.fn***vi*r ^.mnr&trrri rwuxiTLLma n aCO. :T^r "Jr -arr-. 

/'.»*■; s. ''**. *•»-<>*»• r /.• >.• :•*.:.*: >»•: i.t.n#?vr t/&i .?. — ?-i. *; *r*i»,r.t »" rv 

is** .' ■■•. ■»* ;•"-• *'** .'.;#» v. "<»*? :;'» unui :r -;i~lL r'~.i "i#* ri:*.*i;tv 

v, .^,/ ■/*..' •-* ' •»» :*■' ••: tt * r v.s". '.. t%r~i& Li*i c :•* ^.•■"W"-' 

A /> ■: />■. ' • v*v< ; V; . /, ■>» />: * v. -w w * . >. :*?. : *n '." ■ ■ •- * : ^ ir; rvr-: ir- j." Tv ?y * . 
'// /*•/*>•/ >>> Oca* r\**., 

.'.'. *^/tr*^.-.* ^f '.f-irVr ^^r.A?r:c»: ".si* *£.e ^iii-ic AVALLkbie for the 
',v.*f/; 'A m*h «V:*v. .* *»<*;. ^ "'^^J rr^ch .^reAaer .n rrcporccn :o the 
r. **.?,/* .r'.wr •?.* r. ■». r^r. -/*rtical Vi"r>r« at»t ^a«rd. Whilst wich the 
;*^.-*>rf # .f.#? <V:*rr# >,p«i/^r .* I "o--J vj. dec:, in section <2-22 *j. dcm. oq 
'(V-. 4.i*'Ffi>/<' f v# J vi, r;,. o? hea.;.nz surface. *he former constructions 
j/» /': a v:'.-f.v,/i of )J, 7. 10 '>r ^ven 20 sq. dcm. per 1 sq. m. of heating 
<> t rUrj:. 'liki,\r. zl it.v*:H r.h*: v^lricities of the currents of steam evolved 
fr'ijf* 'iwmtu w H.f**rtkt/tr* with nteam coils or double bottoms. 

'fh'M th'j v«j|^;i».y '*,t.h which the steam escapes is always much 
\i,ti*.r at i\,i: ItaU'.r ajijiaratdi than in evaporators with vertical tubes, 
hut i\n' Ii/|ukI ih *U\\ miitxl by the steam to some extent. At the point 
fAwn: HU'.mn erit^m the double bottom or heating coils and tnbes, or 
y/h«*ie I'm: Hlnki'.H direetly against the wall of the vessel, a much more 
rapid t.nifi4f<'M-nee of heat and evolution of steam take place : thus the 
Ikjiii'I will l>e thrown up to the greatest extent near the steam entrance, 
f !orm«f|iipfit.ly then* armes a current of liquid from the warmer to the 
enldiT parU and luutk ; the velocity of this desirable motion may be 
vnry r.iiiiMidenihle. All the liquid which moves towards the place where 

[Continued on p. 151.] 
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Tables 26a, 26b, 26c, 26d. 

a. Litres of steam, which emerge in one second from the top of vertical 

heated tubes, 30, 50, 80 and 100 mm. bore and 1 m. long. 

b. Litres of liquid, which in one second enter these tubes from below. 

c. Velocities with which boiling liquids are projected from vertical 

heated tubes of 30, 50, 80 and 100 mm. bore and 1, 1*5, 2 and 
3 m. height, under vacua of 0, 234, 405, 611 and 705 mm., when 
the evaporation is 10, 20, 30 and 50 litres per sq. m. per hour, 
and when the height of the column of liquid is equal to the length 
of the tube and when it is \ of the same length. 

d. Heights, h„ to which the liquid will be splashed above the tubes 

under the same conditions, without regard to the assistance of the- 
currents of steam. 

Table 26a. 









Litres of steam, which leave the top 




Evaporation, 




of the tube in one second. 


Bore of tube, mm. 


Length of 
tube I. 


w, per 1 sq. 
m. and 1 


Vacuum. 


30 | 60 | 80 | 100 


VU VV| »• 


AAA* WU14 A 

hour. 




Heating surface of tube, sq. m. 


Metres. 


Litres. 


mm. 


0-094 | 0157 | 0-251 | 0314 


Litres of steam, V d . 


1 


10 





0413 


0-75 


1-2 


1-5 




20 





0826 


1-5 


2-4 


3 




30 





1-239 


2-24 


3-6 


4-49 




50 





215 


3-74 


6 


7*48 


1 


10 


234 


0-61 


102 


1-63 


2 04 




20 


234 


1-22 


2 08 


3-25 


4-07 




30 


234 


1-83 


3 05 


4-88 


61 




50 


234 


3-05 


5 09 


8-14 


10-18 


1 


10 


405 


0-883 


1-472 


2-36 


2-95 




20 


405 


1-766 


2-944 


4-72 


5-9 




30 


405 


2-649 


4-416 


7-08 


8-85 




50 


405 


4-418 


7 359 


11-79 


14-75 


1 


10 


611 


1-992 


3-333 


5-32 


6-656 




20 


611 


3-98 


6-66 


10-64 


13-312 




30 


611 


5-98 


9-99 


15-96 


19-96 




50 


611 


9-96 


16-64 


26-61 


33-28 


1 


10 


705 


5 09 


8-51 


12-8 


1702 




20 


705 


10-2 


1703 


25-6 


34 04 




30 


705 


15-3 


24-53 


38-4 


5106 




50 


705 


25-47 


42-54 


64 02 


85 09 



If the heated tube is 1*5, 2 or 3 m, long, then 1*5, 2 or 3 times as 
many litres escape from the tube. 
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Table 26b. 





Litres 


of liquid, which enter the tube at the bottom in 
one second when the velocity of entry is 


Length of the 




v = 0-8\/2gT. 




Bore of tube, mm. 


tube, I. 


30 


| 50 | 80 | 100 




Section of tube, sq. decimetres. 


Metres. 


0-0706 


| 0-196 | 0-602 | 0-785 


Litres of liquid, T}. 


0-333 


1-41 


4 10 15-7 


0-5 


1-78 


5 ' 12-6 18-78 


0-667 


2b3 


5-6 ' 14-4 22-6 


1 


251 


6-97 ' 1787 ' 27*94 


1-5 


3 08 


8-51 1 21-94 1 34-22 


2 


3-58 


' 9-87 25-3 i 39-56 


3 


4-49 


1207 ' 30-92 , 48-35 



Table 26c. 











Velocity 


f, c, with which steam and 


Length 


Evapora- 
tion, w, 


Height of 




liquid 


leave the top of the tube. 
Metres per second. 


of tube, 
I. 


per 1 sq. 
m. and 


liquid out- 
side tube. 


Vacuum. 




Bore of tube, mm. 




Metres. 


1 hour. 
Litres. 


Metres. 


mm. 


30 
4 


50 
Veloc 


| 80 


100 


ity, c. 


3-8 


1 


10 


1 





3-9 


3-9 


1 


20 


1 





4-71 


4-3 


4 


3-9 


1 


30 


1 





5-3 


4-7 


4-3 


41 


1 


50 


1 





6-46 


5-4 


4-75 


4-5 


1-5 


10 


1-5 





5-2 


4-8 


4-74 


4-66 


1-5 


20 


1-5 





61 


5-4 


51 


4 93 


1-5 


30 


1-5 





7 


5-9 


5-4 


521 


1-5 


50 


1-5 





9 


7-1 


61 


5-8 


2 


10 


2 





6-25 


5-6 


5-54 


5-55 


2 


20 


2 





744 


6-2 


6 


5-8 


2 


30 


2 





8-8 


7 


6-5 


615 


2 


50 


2 





11-7 


8-5 


7*4 


7-68 
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Table 


26c — {continued) . 














I'rlocity. r, with which ste 


maud 


Length 


E vapors.- 


Height of 




liquid leave i\ic top uf the tube. 
Metres per second. 


/. 


-n. r [^ 


aide tube. 


\ lil.HLlill. 


Bore ol tube, mm. 






Litres. 


Metres. 


mm. 


30 1 50 | 80 


100 


M. uv~. 


Velocity, c. 


3 


10 


3 





8 


_ 


_ 


_ 


3 


20 


3 





10 


— 


— 


— 


3 


30 


3 





11*7 


— 


— 


— 


3 


50 


3 





157 


— 


— 


— 




10 




234 


4 -42 


399 


3-89 


3-8 




20 




234 


5 -28 


4-55 


4-2 


41 




30 




234 


615 


51 


4-54 


4-3 




50 




234 


7'87 


6-9 


5-2 


4-9 


t"6 


10 


15 


234 


5-6 


5 


4-8 


4-8 


1-5 


20 


1-5 


234 


7 


57 


531 


5-1 


1-fi 


30 


15 


234 


8-2 


65 


5 -84 


5-5 


1*6 


50 


15 


234 


10-9 


B'fi 


B*8 


6-3 


2 


10 


2 


234 


6-8 


5-9 


5-7 


5-5 


2 


20 


2 


234 


86 


6-6 


63 


6 


2 


80 


2 


234 


10-3 


7-3 


7 


6-6 


2 


50 


2 


234 


13-7 


9-5 


8-2 


7 7 


3 


10 


3 


234 


9 


— 


— 


— 


3 


20 


3 


234 


11 -6 


— 


— 


— 


3 


30 


3 


234 


14-3 


— 


— 


— 


3 


50 


3 


234 


19-5 


— 


— 


— 


1 


10 




405 


4-78 


4-3 


4 


39 


1 


20 




405 


6-07 


5 


4-5 


4-33 


1 


30 




405 


7-03 


5-8 


8-3 


4 7 


1 


50 




405 


9-82 


73 


5-9 


5 -44 


1*5 


10 


1-fi 


405 


62 


5 4 


5-1 


4-92 


1-5 


20 


T5 


405 


8-1 


6-5 


6-8 


5-48 


1-5 


30 


15 


405 


10 


7-8 


B-fi 


616 


1-5 


50 


1-5 


405 


13-5 


10 


7'9 


7 46 


2 


10 


2 


405 


7-62 


6-5 


6 


8*8 


2 


20 


2 


405 


10-15 


7-5 


6*9 


65 


2 


30 


2 


405 


12-6 


B-fi 


7"6 


7*8 


2 


50 


2 


405 


17-7 


Il*fi 


97 


9 


3 


10 


3 


405 


10-2 


— 


— 


— 


3 


20 


3 


405 


14 


— 


, — 


— 


3 


30 


3 


405 


17-8 


— 


— 


— 


3 


50 


3 


405 


25-3 


- — 


— 


— 


1 


10 


1 


(ill 


637 


5-5 


4-63 


4 '43 


1 


20 


1 


611 


9-2 


6-9 


57 


5'37 



3 " 



mm . ■*-• I m 



e-*'* 



:~szz^ ^~-fi- 



.. «■ 



iii 



TL ir^:=_ «e 



f 



r 
* 






•.j-^ 



^ /.*<.* 



* ^ 



a 

X 



» 
. * 



t 

A 
A 
A 
A 






17/ 









* J 



«-- 



-*.---9 



y 

a*. 

y. 

# 

>/> 

r/$ 

/'/ 
jj> 

JO 
20 
;jo 
50 
JO 
At) 
30 
50 

JO 
'/0 

;*o 
/>o 

JO 

20 






X.-'iT^ 



> 






y 



* 5 



i 5 

2 

2 

2 

2 

3 



:$ 
:$ 

3 

0333 
o:ra 

0-333 

50 
50 




ii; 



'-- (f 



j - - 



7'o 
7« 
705 
7« 
705 
705 
705 
705 
705 
705 
705 
705 
705 
705 












r*i 


:~-m 


* 


t"*i 


r* 


•*• 




- *^ 


• 


:*r. .r 


" *"" 



1 .-< 



--: r:7 



•1 



.-I 



a.*s. i 



* -• 4 j 



• <• 



* • -j 



12 
H 
29 
47 



15* 

10 
153 
204 
306 



26 

3 

4 



5 



3 3 

4 3 



237 

2-75 

31 

3 87 

3 

36 



22 

248 

274 

3*2 

2-8 

3-22 



T"I.i 



Vf z __ _^ 



-V. 



40 
14 5 

*5 

59 

19 

34 
4? 
77 

2S — — — 

492 _ _ _ 

72- 1 — — — 

113-5 — — — 



14 : 

97 
13-7 

is: 

26-5 



2*2 

2 3 

2*6 

275 

256 

271 
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Table 


26c — (con ( inued). 














Veltxity, c, with -which ate 


■ 1 Ll -. 


Lnwth 


tiK 


Height of 




liquid leave the top of the tube. 
Metres peraecocd. 


I. 


m'L$' 


liquid out- 
side tube. 


Vacuum. 


Bore of tube, mm 






Litn-s. 


Metres. 


mm 


30 | 60 | 80 


100 


Metre*. 


Velocity, c. 


1-5 


30 


0-50 





5 


4-2 


35 


31 


1-5 


50 


0-50 





7 


56 


4-3 


3-8 


2 


10 


0-667 





3-6 


3 2 


34 


3 


2 


20 


0-667 





5 


3 9 


3-84 


3-3 


2 


30 


0-667 





5-6 


4-9 


4-25 


3*7 


2 


50 


0-667 





9 


6-3 


52 


4-2 


3 


10 


1 





5*3 


— 


— 


— 


3 


20 


1 





7-1 


— 


— 


_ 


3 


30 


1 





8-8 


— 








3 


50 


1 





12-8 


— 


— 


— 




10 


0333 


234 


3 


2-5 


2-32 


2-2 




20 


0333 


234 


4 


3 


2*65 


2-4 




30 


0-333 


234 


4-5 


3*5 


2-95 


2-8 




50 


0-333 


234 


6*3 


4-5 


3 63 


3*15 


1-5 


10 


0-5 


234 


4 


3-25 


3 00 


2-6 


1*5 


20 


0-5 


234 


5*2 


4 


342 


3-1 


l"fl 


30 


0-5 


234 


6-3 


4*8 


4 


3-5 


1"S 


50 


05 


234 


9 


64 


5 


3*6 


2 


10 


0*667 


234 


4-3 


3-52 


3*5 


3*2 


2 


20 


0-667 


234 


5-9 


4-5 


4-2 


3-9 


2 


20 


0-667 


234 


8 


5-5 


4*8 


4-2 


2 


50 


0-667 


234 


111 


7-5 


6 


5-5 


3 


10 


1 


234 


6-2 


— 


— 





3 


20 


1 


234 


8-8 


— 








3 


30 


1 


234 


11-4 











3 


50 


1 


234 


16-4 













10 


0-333 


405 


31 


2-7 


2-46 


2-2 




20 


0-333 


405 


4-5 


3-5 


2-9 


2-4 




30 


0-333 


405 


6 


4-2 


3-41 


3 




50 


0-333 


405 


8-8 


5-7 


4-3 


3-8 


1-5 


10 


0-5 


405 


4-5 


3-C 


3 


2-8 


. 1-5 


20 


0-5 


405 


5-3 


4-8 


3-8 


3-3 


1-5 


30 


0-5 


405 


8- 


5.8 


5 


35 


1-5 


50 


0-5 


405 


12 


8 


5-9 


4 


2 


10 


0-667 


405 


4*8 


3-95 


3-8 


3-6 


2 


20 


0967 


405 


7-6 


5-5 


48 


415 


2 


30 


0-667 


405 


10 


6-9 


5-6 


s 


2 


50 


667 


405 


15-5 


9*9 


7-5 


6-8 
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Table 


26c — I continued). 














Velocity, c\ with which steam and 


Length 
of tobe, 

l. 


Evapora- 
tion, tr, 

per 1 sq. 
m. and 


Height of 
liquid out- 
side tube. 


Vacuum. 


liquid 


leave the top of the tube. 
Metres per second. 




Bore of tube, mm. 




Metres. 

3 


1 hour. 
Litres. 


iletres. 


mm. 


30 


50 i SO 


1 100 


Velocity, c. 


10 


100 


405 


75 


~W^»- -^^M» 


i 


3 


20 


100 


405 


111 





i 


3 


30 


1 


405 


14-9 





' — 


3 


50 


1 


405 


22-5 





i 




10 


0333 


611 


5 


3-75 3 - 


2*3 




20 


0-333 


611 


7-8 


, 5*3 41 


3-72 




30 


0-333 


611 


10 


7 51 


4-5 




50 


0-333 


611 


16 


10 7 2 


5 
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0-5 


611 


5-4 


5 4 


3*6 


l'O 


20 


0-5 


611 


vS-5 


7o ob 


5 


1-5 


30 


0-5 


611 


11 


10 72 


6 


15 


50 
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3 
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10 
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0-333 


405 


101 
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0-56 | 0-417 


0-27 
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10 
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0-64 
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10 
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10 
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20 
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109 
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0-5 
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20 
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0-55 
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20 
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i 


SO 


0-333 


705 


39 


26-5 9-8 


7 6 


I 


SO 




705 


80 


SI -6 133 


10-4 


t-fi 


10 


t.c. 


705 


3-5 


203 112 


10 


i-a 


10 


0-5 


705 


76 


403 1-98 


1 25 


i-fi 


10 


rfl 


705 


10-5 


6-1 ! 3-36 


9 


l'6 


20 


t.c. 


705 


11 -a 


5-1 2*4 


1-98 


i-r, 


20 


O'fl 


705 


29 


12 5 


3-20 


l-fi 


20 


1-5 


705 


33-8 


15-3 72 


5 95 


l-fl 


:to 


t,c. 


705 


20-4 


8-83 4-3 


8*8 


i-a 


30 


05 


705 


55 


20 10 


6 50 


l-A 


30 


1*5 


705 


til 


26*5 12-6 


9-9 


1-5 


50 


t.c. 


705 


59 


22-2 1 9*26 


7 07 


IT. 


50 


0-5 


70S 


156 


54-5 ! 20 


IV- 


l-fi 


60 


1-5 


705 


178 


66-5 1 27-8 


21-2 


2 


10 


t.c. 


705 


ti 


2-4 ! 1-67 


1-57 


2 


10 


0-liti7 


705 


12-8 


615 1 3-2 


a-M 


2 


It) 




705 


18 


7-2 1 5 


4-7 


2 


20 


t.c, 


705 


19 6 


7*33 i 3*87 


3-13 


2 


20 


0667 


705 


45 


20 i 8-5 


5-7 


•J 


20 




705 


58 


22 | 11-6 


94 


2 


80 


t.c. 


705 


38-6 


14 i 7 


5 4 


2 


30 


0-667 


705 


101 


36-5 | 16-2 


11-25 


a 


30 




705 


115 


42 | 21 


16-2 


i 


50 


t.c. 


705 


98-5 


36-3 i 16 


11-7 


^ 


50 


0667 


705 


281 


100 38 


28 


J 


50 




705 


296 


110 1 48 


35 



THE HEIGHT OF SPLASHES. 







Table 26d— (corttittued). 














Height to which the liquid is pro- 
jected from the tube, h,. 




Fvapora- 






Length 
of tube, 


perl sq. 


Height of 
liquid out- 


Vacuum. 


Bore of tube, mm. 


;. 




side tube. 




30 | 50 | 80 | 100 




Height of Splash, h,. 


Metres. 


Litres. 


Metres. 


mm. 


Metres. 


3 


10 


t.C. 


705 


13 


_ 


_ 


_ 


3 


10 


1 


705 


27 


— 


— 


— 


3 


10 


3 


705 


39 


— 


— 


— 


3 


20 


t.c. 


705 


40 


— 


— 


— 


3 


20 


1 


705 


106 


— 


— 


— 


3 


20 


3 


705 


120 


— 


— 


— 


3 


30 


t.c. 


705 


86-7 


— 


— 


— 


3 


30 


1 


705 


225 


— 


— 


— 


3 


30 


3 


705 


260 


— 


— 


— 


3 


50 


t.c. 


705 


313 


— 


— 


— 


3 


50 


1 


705 


605 


— 


— 


— 


3 


50 


3 


705 


638 


— 


— 


— , 



team is evolved must be thrown up with the steam ; it therefore 
ncreases the rising volume. It is hardly possible to state how muoh 
iquid is carried up with the steam ; but occasionally it may be many 
imes the volume of the steam. 

The evaporative capacity of the heating surface at the steam 
ntrance is much greater than the mean capacity, so that in vacuum 
vaporators with double bottoms and heating coils the liquid is often 
plashed up near the steam entrance to a height as great as in an 
vaporator heated by vertical tubes. 

:. The Influence of the Current of Steam on Projected Drops. 

In determining the height to which the larger masses of liquid ara 
>rojected, we neglected the action of the rising current of steam, 
vhich can only be slight. The case is different with isolated drops. 
'he motion of small drops may be very considerably affected by 
urrents of steam. 

The velocity, c, with which the drops are splashed out of the 
vaporating liquid, we shall assume to be equal to that of the larger 
passes, although the explosion of bursting bubbles, in combination 
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Table 27. 

Velocity of the steam in the steam space of vacuum evaporators, at 
vacua of 0-705 mm., with evaporative capacities of 10-100 kilos. 
per sq. m. and ratios of section of steam space to heating surface 





. 




Section in sq 


m. 




Heating surface i 


naq. m. 












Vacuum. 


persq. 


l 


I 1 
5 1 10 


16 


l 
20 


Velocity, in metres, of the cu 


Tent of steal 




mm. 


w 


steam space of the vacu 


urn apparat 







10 


0046 


0-23 


0-46 


0'69 


092 





20 


009 


0-46 


0-92 


1-38 


183 





30 


0-14 


0-69 


1-38 


176 


2-75 





50 


0-23 


115 


2-30 


344 


4-59 





100 


046 


2 29 


4 59 


6-88 


9-78 


234 


10 


006 


0-32 


0-65 


0-97 


130 


234 


20 


013 


065 


130 


1-95 


2-60 


234 


30 


019 


097 


1-95 


2 92 


3 90 


234 


50 


0-32 


1-62 


3 25 


4-87 


6-50 


234 


100 


0'65 


3 25 


6 50 


9-75 


1300 


405 


10 


009 


047 


094 


1-41 


1-58 


405 


20 


019 


0-94 


1-88 


2-82 


3-76 


405 


30 


0-28 


1-41 


2-82 


4-23 


5-64 


405 


50 


0-47 


2-35 


4-70 


705 


9-40 


405 


100 


0-94 


4 70 


9-40 


410 


18-80 


610 


10 


0-21 


105 


211 


316 


4-22 


610 


20 


0-42 


211 


4-22 


6-33 


8-44 


610 


30 


063 


316 


633 


9 49 


1266 


610 


50 


105 


5 27 


1105 


15-80 


21-10 


610 


100 


210 


1050 


2111 


3160 


42-20 


705 


10 


0'54 


2-70 


5 41 


8-11 


10-82 


705 


20 


108 


5 4 


10-82 


16-2 


21-64 


705 


30 


1-62 


8-1 


1623 


24-3 


32-46 


705 


50 


270 


13-5 


27-05 


405 


541 


705 


100 


5 41 


270 


54-1 


811 


1081 
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The drops then rise to twice the height to which they would rise 
w vacuo without the current of steam, i.e., to double the height given 
in Table 26. 

If P„ = i<jr, then the rise is J of the theoretical. 

K = ^—p- - ? • J (»o> 

If P., = \G y then the rise is Z of the theoretical. 

These considerations and an examination of Table 26 show that 
the current of steam in all cases somewhat increases the height to 
which large drops rise, but that quite small drops must often be 
carried completely out of the vacuum evaporator, even with steam 
velocities of 5-6 m. per second. It must also be remembered that 
each vessel is closed at the top and has an exit pipe, of smaller section 
than that of the apparatus and in which, therefore, the steam will 
move with a greater velocity than in the steam space of the apparatus. 
Since the currents converge towards this exit pipe, they gradually 
acquire a greater velocity in the apparatus itself. 

The lower the pressure of the steam, the greater must be its 
velocity, if equal weights are to flow in equal times through pipes of 
equal bore. If a certain weight of steam, at atmospheric pressure, 
flows through a pipe of a certain bore with 1 m. velocity, then the 
velocities, in order that the same weight of steam may pass through the 
same pipe, must be 

at 234 405 611 705 mm. vacuum 
1*415 2 462 11*84 m. per sec. 

Thus it is seen, that the current of steam in vacuum evaporators 
will carry with it drops the more readily, the lower the pressure, the 
higher the vacuum in it. 

The differences in construction of apparatus, in capacities, sections 
and liquids do not permit us to obtain a single result for the absolute 
height to which liquids and drops rise. But by means of Tables 26 
and 27 this height may be estimated approximately in any separate 
case. It is certain that, in almost all cases, the small drops are in 
real danger of being carried away by the steam, and since they are 
generally formed from valuable liquids, endeavours are made to catch 
them again by artificial means. 
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D. The Action of the Current of Steam on Projected Bubbles 
of Liquid (Hollow Drops) and Means for Avoiding their 
Loss. 

We have hitherto always assumed that whole drops of liquid, more 
or less large, have been splashed up ; this is, however, not the case 
alone. . Under certain conditions with every liquid, and with some 
liquids as a rule, hollow drops (bubbles of steam and liquid) are thrown 
up in every size and in great quantity. These bubbles are projected 
from the liquid with the same velocity, c, as the solid drops, but the 
ascending current of steam has more action upon them, since with 
equal section they present an equal surface to the pressure, but having 
lees weight require a lower pressure to receive the same acceleration. 
When projected with the same velocity as a solid drop into a current 
of steam flowing in the same direction but with lower velocity, the 
hollow drops (bubbles) are more retarded by it than the solid drops 
and hence rise to a lower height. But when projected into a current of 
steam moving in the same direction with greater velocity, the bubbles 
are carried considerably further than solid drops and may readdy be 
removed from the apparatus and lost. 

These steam bubbles, together with the very small drops of liquid, 
constitute the real source of loss in evaporating liquids. 

In order to determine the heights to which these bubbles rise, 
equation (130) may be used: 



M 1 - t] 

inserting, instead of the weight of the solid drop, G, that of the 
bubble, which may be i, i, etc., of the former. 

It may be seen from this equation how rapidly the height, h„ 
must rise with decreasing weight of the drop, G. Thus a talL 
apparatus always offers some protection against loss by drops and 
even bubbles, but this protection is far from sufficient for the smaller 
solid drops and the lighter bubbles, which must be retained by other 
means. 

Now these steam and foam bubbles may be retained by bringing 
them into a position where they are converted into solid drops, against 
which the current of steam is powerless. Then if the solid drops 
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formed from the burst bubbles be given a motion in a direction different 
to that of the steam, directed downwards and to the side towards a 
protected space, they can almost all be caught and saved. The froth 
separating apparatus of C. Heckmann of Berlin, German Patent No. 
70,022, is constructed on these principles and hence works very effi- 
ciently. See Fig. 13 (p. 129). 

In order that the steam bubbles may be converted into solid drops 
it is necessary to let them burst. This is accomplished in this case 
by passing the steam, which leaves the apparatus with the pressure 
prevailing therein, into a space in which there is a somewhat lower 
pressure. The excess of pressure thus produced in the interior of the 
bubbles causes them to burst. 

The small difference of pressure required to rupture the bubbles 
differs for every liquid, every degree of concentration, and for every 
temperature, and it cannot be exactly estimated a priori for any case. 
Thus it is necessary to arrange this foam separator in such a manner 
that the difference of pressure necessary in each case can be actually 
produced under working conditions, and can be altered when the condi- 
tions alter. 

This adjustability of the foam separator is practically its indis- 
pensable property. Similar arrangements without this property are 
worthless. 

In Table 28 are given the diameters of the central tube and of the 
outer vessel of this foam separator. The central tube should offer as 
little resistance as possible to the passage of the steam ; its diameter is 
determined by means of the later Table 32, and with regard to the 
steam velocities there given, since these velocities are so low that 
they create very little resistance even in long tubes. The inclina- 
tion of the reflecting plate is taken as 10° to the horizon ; the diameter 
of the drops to be retained is assumed to be 04 mm. or more. The 
section of the annular space between the reflecting plate and the wall 
of the vessel is so determined that the velocity of the steam, obtained 
at the highest anticipated vacuum, may exert a pressure upon drops 
of 01 mm. not exceeding twice their weight. Thus, according to 
Table 25, tenfold security is obtained, so that the apparatus must 
retain even considerably smaller drops. By increasing the angle of 
inclination of the reflecting plate and the diameter of the vessel the 
security against loss of drops is increased. 



heckmann's foam separator. 



The foam separator of Ger. Pat. No. 70,022, Fig. 13 (p. 129), 
diameter of the central pipe and of the outer vessel. 
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800 
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777 
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790 


275 


840 
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1270 


350 
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1300 
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350 


1245 


375 


1330 


400 


1350 


400 


1365 


6500 


350 


1290 


375 


1370 


400 


1390 


400 


1410 


7000 


375 


1340 


400 


1420 


425 


1440 


425 


1460 


7500 


375 


1380 


400 


1460 


425 


1485 


425 


1510 


8000 


400 


1430 


425 


1520 


450 


1535 


450 
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90 
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100 
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125 
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150 


370 
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125 


335 


125 


340 


150 


375 


175 


405 




250 


125 


360 


150 


385 


150 


385 


175 


440 




300 


125 


380 


150 
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175 


442 


200 


480 
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150 


420 


150 


415 


200 


480 


200 


506 
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150 


435 


175 


435 


200 


500 


•225 


545 
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175 


485 


175 


495 


225 


555 


225 


590 
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175 


510 


200 


540 


225 


oSS 


250 


645 




700 


200 


•555 


225 


575 


•250 


640 


275 


687 




800 


•200 


585 


225 


610 


250 


675 


300 


730 




900 


225 


627 


250 


665 


275 


718 


300 


765 




1000 


225 


650 


250 


695 


300 


750 


3-25 


860 




1500 


•250 


780 


300 


820 


350 


920 


3.50 


980 




2000 


300 


890 


325 


969 


375 


966 


400 


1120 




•2500 


325 


1010 


3-50 


1045 


400 


1140 


450 


1245 




3000 


350 


1090 


375 


1140 


425 


1240 


.5430 


1355 




3500 


350 


1160 


400 


1160 


450 


1330 


525 


1445 




4000 


375 


1240 


425 


1215 


500 


1420 


550 


1550 




4500 


400 


1320 


450 


1275 


525 


1500 


575 


1620 




5000 


400 


1380 


475 


1460 


550 


1575 


600 


1710 




5500 


425 


1440 


500 


1510 


•550 


1640 


625 


1790 




MOO 


450 


1505 


500 


1570 


575 


1705 


650 


1S65 




6500 


450 


1555 


500 


1620 


600 


1780 


650 


1930 




7000 


475 


1600 


525 


1690 


600 


1830 


675 


2000 




7500 


500 


1655 


550 


1740 


650 


1905 


700 


2065 




8000 


500 


1750 


550 


1795 


650 


1960 


700 


2130 
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Table 28— (continued). 
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50 


100 


273 


125 


290 


145 


325 


100 


125 


315 


150 


345 


175 


390 


150 


150 


373 


175 


405 


200 


450 


300 


175 


440 


200 


455 


225 


510 


250 


200 


468 


225 


506 


250 


575 


300 


225 


508 


225 


530 


275 


605 


350 


225 


532 


250 


5S8 


300 


650 


400 


225 


558 


250 


605 


325 


725 


500 


250 


630 


275 


645 


350 


790 


600 


250 


660 


300 


710 


375 


850 


700 


250 


697 


325 


790 


400 


910 


800 


300 


757 


350 


845 


425 


965 


900 


325 


830 


375 


885 


450 


1015 


1000 


350 


880 


400 


940 


450 


1050 


1500 


400 


1036 


450 


1105 


500 


1250 


2000 


450 


1160 


500 


1255 


600 


1440 


2500 


500 


1310 


550 


1390 


650 


1590 


3000 


550 


1430 


600 


1510 


700 
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3500 


575 


1520 


625 


1615 


750 


1855 


4000 


600 


1620 


650 


1720 


800 


1975 


4500 


625 


1705 


700 


1820 


850 


2095 


5000 


650 


1800 


700 


1870 


850 


2180 


5500 


675 


1875 


750 


1960 


900 


2290 


6000 


700 


1960 


750 


2060 


900 


2370 


6500 


700 


2020 


800 


2150 


— 


— 


7000 


725 


2090 


800 


2220 


— 


— 


7500 


750 


2155 


850 


2300 


— 


— 


8000 


750 


2222 


850 


2370 


" 
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E, The Change in the Size of Steam Bubbles in Boiling 

Liquids. 

The movement, ri \ nniiim* liquid is :ac:ii tared hy "he increase .n 
vol nine, w "hev ■-&>. of "he steam 'innnles formed :n "he lower layers. 
The volume if i small ven*ht -it steain produced it "he bottom of i 
iimurl leoends ioon :he uressure inon :t. Tins aressure is "he «m 
of :.he nrefwiirea if *he liquid ind >f "he -team or ait above it. 

The pressure )f 'he liquid inon unt section or zhe nubbles is 
proporrionfil *o -he height it The layer )t liquid aoove die nubble, k. 
And trf lOecstic jravirv. < . 

As *he ouhhie r.ses. "he pressure or "he steam or .iir generally 
remains conftfant. hut "he neitfht. mil "hence 'he pressure. of one laytr 
of iiiinui leereaHea irariuailv The nunnle Therefore increases in volume 

Tanle 20 shows rhe extent ^i "he Jicrease :n vohnne of stoma 
n»W>bles. vhen *hey are formeii in Litiuiiis it various depths and under 
various pressures, and rhen rse upwards. 

Table 21>. 

The increase ;n volume of a steam nubble of L cc. capacity, which is 
formed, in liquids of 1-0. II .md 13 specilic iffavzty. at depths of 
2*V>- iiOOO mm. below rhe surface and :uien rises, whilst over the 
liquid r.here .s a vacuum of 0-7:20 mm. 



bobbin 

trtrft 

'/'/» 
r/t, 

7-70 
MM 9 
IflOO 



Vwu'im :v«*r ^n«a liirmi. 



o mm. 



150 mm. I 250 mm. 



500 .urn. 



630 mm. 



Til? mm. 






I II 1 -3 1 1 11 I 3| 1 l-l 1-3 




Volume r,{ the babble when is reaches the surface. 



tl Of, 1 



m-s. 

Iftl'/Jfil 

lO-t i-i-t 1-41 

ii i-*» i i 

I -l.'rl 27 If/ 

12 i -»2ii-. r / 



i-rjf-5 1-131-34 

I WI17 1*37 
I 101 -201 42 1 
1-13 1*24 1 '41 
I Wl'3 I'M 1 
|-2f/l-37I'5fi 



•44 1 



•621 



•4£ 1 



35b-0*M*l 
151-261 
•23 1-35 -1-6 
1-3 1-43 
44 1-58H 8712*05 



1-04 114 1 
1*07 1 171'- 
11 1-221 

iif>i-36i-4< 

251-371 
1-3 1 -43 1-6011 61 l'77i2-09|2-2 



118 1-29,1- 

•34 1471 74 
1-53 1*68,1 
1-69 1-7 l*672-2l| 



2-25 
2-42 



2- 
2* 



•5 1-6514 
•95214 23 
•45 2-69 31 
!-92 3-21 8*1 
•884 265< 
•855-3363 




CHAPTER XVII. 



A. For Steam. 



The pipes, through which gases and vapours are conducted, are made 
as narrow as is possible without ill effects, since narrow pipes are 
cheaper, lighter and more convenient. Thus it is necessary to ascertain 
the least diameter which the pipes may be given in any particular case. 
Generally it is required to convey the gages or vapours through 
the pipes with a very small fall in pressure between inlet and outlet ; 
the permissible extent of this fall limits the dimensions of the pipes. 

The loss in pressure, which vapours undergo in pipes, depends on 
their diameter and length, on the density of the vapour and, in parti- 
cular, on the velocity with which the movement takes place. 
Let d = the diameter of the pipe in metres, 
I - the length ,, „ 

Q - the section „ in sq. metres, 

v t and c, =» the velocities with which steam and air respectively move 

in the pipe, in metres per second, 
z d and t, — the loss of pressure, in metres of water, which the air or 

steam respectively suffers between inlet and outlet, 
y 4 and y, — the weight of 1 cub. m. of steam or air respectively, in 
kilos. 

Two formulas are known for determining the loss in pressure : — 
l. The formula of Gustav Schmidt, 



785/ 



( 8+ jy < ui > 



applicable to air and tubes of 150-300 mm. bore. 
11 
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2. The formula of Gutermuth and Fischer, applicable to steam in 
tabes of 70-300 mm. bore and velocities below 20 m. per second : — 

15 x 10 / . ..... 

z * — IS 5- * d v ' < 142) 

or 

. 0-0015 / 

" = 1000 * d r *' < l43) 

Unfortunately these two formulae do not give the same result for 
the same conditions ; if that were the case, then, when /, d r y and r 
were the same, z, would equal z d . However, if z t be put equal to z t> 
and the equation transformed, it will be seen that both the formulae 
give the same result for a pipe of diameter d = 007 m., and different 
results in all other cases. 

785/, 1\ _ 15_x_10 _ 15^ 
10 ll V + d) ~ 10* ~ 10 7 
785/. 1\ .. 

M 5 + 2) - 15 

7 *f - 15 x 10 3 - 785 x 5 
a 

d - 15 x 10»^°785 x 5 " ° 07 m - 

The results obtained by Schmidt's formula (Dingl. polyt. Journal, 
1880, September) are always much lower than those given by Fischer's 
formula (Zeits. d. V. d. Ing., 1887, pp. 718, 749). On this account the 
second formula must be used by preference in doubtful cases, which 
conclusion is strengthened by the valuable researches conducted and 
described by Gutermuth and others, which have shown that the 
values obtained by Fischer's formula correspond very closely with 
the reality. The equation of Fischer and Gutermuth is found to be 
correct for pipes of 70 - 300 mm. diameter and velocities below 20 m. 
per second ; but, in default of any other, this formula must for the 
present Ixj used for pipes of other bores and for other velocities. 

Table 30 has been calculated according to the formula (143) of 
Fischer, in order to obtain an idea of the extent of the resistance 
under various conditions, and in fact only in order to obtain a synopsis 
of these resistances. For the sake of comparison and to illustrate what 
has been said above in regard to the two formulas, the results (which 
are not used) of Schmidt's equation are inserted for some cases. In 
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Table 30, a length of pipe of 30 m. is assumed, and the resistance is 
measured in metres of the water column. It will be seen, what the 
formula also expresses, how rapidly the resistance increases with 
the velocity, and how considerably it increases under high pressure, 
i.e., with steam and air of high densities. 

The important question for practical purpose is : how wide must 
a pipe be made for any definite case ? This question will at once be 
answered. Since, however, not only the bore of pipes for steam, but 
also for alcohol vapour and air, is required, these substances will be 
treated at the same time. 

Through a tube of given section in a given time much or little 
steam or air may be sent ; the quantity depends on the velocity with 
which the substance moves through the tube. But a high velocity 
requires also a large difference in pressure between the inlet and outlet 
of the pipe. In many cases the pressure applied at the inlet of the 
pipe is desired to be transmitted as completely as possible to the other 
end, in other cases it is undesirable that the pressure at the inlet should 
appreciably exceed the low pressure produced at the outlet, thus the 
difference in pressure between the inlet and outlet is generally regarded 
as loss of pressure. On the other hand too low velocities require wide 
and costly pipes, therefore some difference of pressure is arbitrarily 
chosen and the bore of the pipes determined on this assumption. 

The steam pressures used in practice vary within very wide limits 
— 20 atmos. to 005 atmos. Thus a constant loss of pressure cannot 
well be assumed for all cases. It is desirable to assume the loss 
of pressure as a percentage of the original pressure. If at one 
end of a pipe there is an absolute pressure of 50 mm. (710 mm. 
vacuum), then a loss of pressure of 10 mm. of mercury at the other 
end is quite sensible ; but if there is a pressure of 4,500 mm. (5 
atmos.) at one end, then 20-50 mm. can well be spared for the 
transmission of the steam through the pipe. 

Since it is thus decided to devote a certain percentage of the original 
pressure to the transmission of the steam through the pipe, and since, 
if this percentage is fixed, the formula (143) at once gives the velocity 
and thence the weight of steam passing through the pipe in unit 
time, the equation (143) may more conveniently be written : 

/ 1000* jl ..... 
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Tabids 30. 

The loss of pressure, z, in metres of water, experienced by steam in 

and 50 m. T according to Schmidt (S) 



Absolute pressure, 

atmos. 
Absolute pressure, 

mm. 
Vacuum, mm. 


3 
2280 


1-5 
1140 


0*75 

566-7 
210 


Bore Velo- 
of pipe, citv. 

d. vl 


i 

i 

s ! F 

I 

1 


S F 


i 
S F 


005 

007 

0150 

0-300 

0-500 

0700 

0900 


20 
30 
50 
20 
30 
50 
20 
30 
50 
20 
30 
50 
20 
30 
50 
20 
30 
50 
20 
30 
50 


0-5826 
1-3110 
3-6411 
0-2947 
0-6632 
1-8423 
00831 
01871 
05197 
0*0297 
00669 
01860 


0-4086 
0-9194 
2-5540 
0-2918 
0-6566 
1-8240 
01319 
0-3064 
0-8542 
00681 
01531 
0*4256 


K 

01536 01521 
0-3456 0-3423 
0-9600 0-9510 
00433 00709 
00975 01607 
02708 0-4437 
00152 00355 
00348 0*0796 
00967 0-2218 


0-0224 
00548 
0*1402 
0-0091 
0-0180 
0-0501 
0-0040 
0-0091 
0-0253 


0-0368 
0-0827 
0-2297 
0-0184 
0-0414 
01149 
00111 
00248 
0-0689 



The weight of steam, D, passing through the pipe in one hour 
is then 



D « v 4 y£f 3600 



(145) 



whence the section of the pipe may be found. 
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pipes of 005-090 m. diameter and 2 

and Fischer and (iutermuth (F). 



Table 30. 
. long, at velocities of 20 



0-5 

854 6 

406 


0-25 

195-3 
664-5 


015 

117-5 
643 


0-072 

54-9 

705 


s 


P 


S 


F 


S 


F 


S 


P 


00030 
00069 
00190 

0-0052 
00116 
0-0322 
00026 
0-0058 
00162 


00239 

0-0537 
01493 
00118 
0-0266 
00739 
0-0071 
0-0159 
00444 


0-0034 
0-0078 
00225 
00022 
00049 
00136 
00014 
00032 
00089 


0135 

0304 
00845 
0-0068 
00152 
00423 
00041 
00091 
0-0253 


00020 

0-0046 
00126 
00013 
0-0029 
0-0080 
00008 
00019 
00053 


00084 

0-0189 
0*0526 
0-0043 
0-0095 
00263 
0025 
0-0057 
0-0158 


00008 
00018 

0050 
0-0003 
0-0010 
00028 
0-0003 
0-0007 
0-0018 
00002 
0-0005 
0-0014 


00020 
00046 

0*0128 
00012 
0028 
00077 
00012 
00019 
0-0055 
00068 
00015 
00043 



For pipes of equal diameter, d, and equal length, I, the velocity 

of the steam alters only in proportion to the quotient ■J—, for 



750 


1490 


33*50 mm. 


Jr 15 


16-1 : 


25 54 


0*500 


113 


1-735 kilos. 


73 : 


13 74 : 


211 



IM evaporates^ \sj> coxdensctg apparatus. 

If zhe resistance. z tt be expressed in percentages of die original 

pressure (in metres of water i. it may be seen zhas — gives the same 

tignre exactly for ill pressures oi air and tpproximately for all 

pressures ot steam. The factor — then remains unaltered for any 

one particular gas or vapour. For in the case of air. which is generally 
used far from its point of liquefaction, the weight of 1 cub. m. is pro- 
portional so the pressure : 1 cub. m. as a double pressure has double 
the weight. But with saturated steam the alteration is only approxi- 
mate : saturated steam of double the pressure has only almost double 
the weight. This approximation, is tolerably considerable, but may 
he regarded as sufficient tor the present purpose, as the following 
figures show : — 

Steam pressure - 92 l^ti 

In the proportion - 1:2 

Weight of 1 cub. m. 

of steam - - 0-0822 0*162 
Tn the proportion - 1:2 

Thus if it is once dxed how much per cent, of the available 
pressure is go he expended in producing the velocity of the steam, there 
is found ' for equal lengths and with the above-mentioned inaccuracy) 
for a pipe of each diameter a steam velocity peculiar to it and the 
same for ail pressures. 

After we have obtained from Table 30 a view of the loss of 
pressure, -*hieh is to be expected with pipes of various diameters, and 
at different tensions and velocities, we then assume for Table 31 a per- 
missible loss of Cro per cent, of the available pressure. The length of 
the pipe is taken at 20 m.. and then, by means'of equation (146), the 
resulting velocities are calculated. In Table 32 are next arranged 
the weights of steam at different pressures, which pass with these 
velocities through pipes of 20 - 900 mm. diameter in one hour. 

AV/j rr pU.— .Staam at atmospheric pressure \ weighs of I cub. m.. 7^=0*6059 kilo.) 

pa**** '.rirougr. a pipe of 0-1 m. diameter and 20 m. long. The less in pressure is 

0-5 
0*5 per cent., i./.. 2* - -r^- 10 = 0-05. The velocity is then 

T^e weight of neam, which passes through the pipe in one hoar, is 
h = 16-6 ' 0-6059— '* V 3 " 14 — 3S00 = 275 kilos. 
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Velocity of steam in pipes of 0025-09 m. diameter and 20 m. long r 
at absolute pressures of 4560-54 91 mm., for a 05 per cent, loss 
of pressure. 



Absolutel 


4560 | 1520 1 760 J 639-7 J 666-7 j 195-5 | 54-9 mm. 


Atmospheres. Vacuum. 
6 [ 2 | 1 ] 126-2 | 1934 | 471 | 705 mm. 


y 


3-2632 | 1-1631 | 0-6059 I 0-51105 j 0-45766 . 0-2142 ' 0-05119 kilos 


y 


0-0906 0-0836 j 0-0815 0-0622 0-0801 0-0768 0-06971 


Bore of th< 

pipe. d. 


Velocity of the Bteam in the pipe in m, per second. 


0025 
0030 
0035 
0040 
0045 
050 
0060 
0070 
0080 
0090 

0100 
0125 
0150 
0175 
0200 
0225 
0-250 
0-300 
0350 
0-400 

0450 
0-500 
0550 
0600 
650 
0700 
0*750 
0-800 
0-850 
0900 


885 
9-47 
10-58 
1095 
11-68 
12-24 
13-50 
14-50 
15-50 
16-60 

17-33 
19-34 

2128 


8-38 
913 
9-67 
10-61 
1104 
11-85 
12-9 
13-38 
14-87 
15-87 

16-70 
18-61 
20 43 


10 40 
1104 
11-49 

12-71 
13-4 
14-69 

15-78 

16-60 
184 
20 95 


13-87 
14-74 
15-69 

1607 

18-43 

2025 

219 

23-3 

24-82 

26-1 

28-65 

30-84 

3307 

35 
36 99 


14-6 
15-47 

159 

18-25 

19-88 

21-53 

23 

24-45 

25-73 

28-28 

3048 

32-48 

34-62 
36-50 


156 

17*68 

1843 

21-28 

22-96 

23-73 

25 

27*37 

29*56 

31-57 

33-4 

3512 

37 

3905 

40-3 

41 '79 


151 
16-97 
1861 

2007 
21*48 
22*8 
2409 
26*39 
28*47 
30*47 

32*29 
33-9 

35*77 

37 

38-87 

40-31 

41-61 

43*07- 

44-35 

45-60 
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Table 32. 



The weight of steam, D, in kilos., which passes in one hoar through 

abs. to 70509 mm. vacuum, with 



Abe. pressure, atmos. 
,, mm. mercury 
Vacuum, „ 


6 
4560 


5 

3800 


4 
9040 


3 
2280 


2 
1520 


1-5 
1140 


l 

760 


Bore of 

the steam 

pipe, d. 

mm. 


Velocity of 

the steam 

in the pipe, 

m. per sec. 


Weight of steam, Z), in kilos., which passes 


25 
30 
35 
40 
45 
50 

60 

70 

80 

90 

100 

125 

150 

175 

200 
225 
250 
300 
350 
400 
450 
500 

550 
600 
650 
700 
750 
800 
850 
900 


8-5 

90 

95 

105 

110 

11-5 

13 

14 

14-5 

15 

155 

17 

185 

20 

21-5 

23 

24 

26-5 

28-5 

305 

32-5 

34 

355 

375 

38-5 

40-5 

41-5 

43 

445 

46 


50 
75 
107 
155 
205 
265 

431 
633 
855 
1119 
1429 
2587 
3814 
5671 


42 

63 

90 

130 

173 

223 

363 

533 

720 

943 

1204 

2169 

3217 

4752 

6600 


34 

51 

73 

106 

140 

181 

294 

432 

684 

765 

977 

1759 

2609 

3853 

5352 
7385 


26 
39 
55 
81 
107 
138 

224 

330 

446 

583 

746 

1341 

1989 

2937 

4080 
5630 


18 
27 
38 
55 
73 
95 

153 
225 
305 
398 
509 
929 
1357 
2018 

2826 
3813 
4923 


42 
56 
72 

117 
172 
232 
304 
388 
700 
1038 
1533 

2155 
2908 
3756 
5999 

8754 


38 
49 

80 
117 
159 
208 
275 
478 
709 
1053 

1472 
1991 
2556 
4086 
5980 
8355 
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pipea of 25-900 mm. 
5 per cent. loss of 


diameter and 20 m. long, at 

ire Hsu to. 


are ss u re 9 of 6 atmos. 


0-834 
6637 
126-2 


0-716 
566-7 
193-7 


0-70 
525-4 
234 


0-5 

384 
375-6 


0-375 

288-5 
471 


0-257 

195-5 
564-5 


0195 

148-8 
611-2 


0155 
117-48 
642 5 


0-12 

91-98 
668 


0-072 

54-91 
705 


through the pipe in one hour, with 0-5 per cent. Ions of pressure. 


133 
175 
224 
403 
598 
888 

1242 
1678 
2163 
3447 
5034 
7047 
9508 
12279 


120 
156 
200 
363 
537 
797 

1118 
1508 
1946 
3099 
4536 
6338 
8551 
11044 

13896 


147 
188 
337 
501 
739 

1040 
1407 
1812 

2888 
4226 
5906 
7963 
10290 

12957 


109 
140 

252 
374 
554 

777 
1048 
1353 
2155 
3154 
4407 
5935 
7679 

9679 
12196 


84 
107 
189 
285 
422 

594 

802 
1034 

1647 
2408 
3367 
4540 
5868 

7403 

9318 
11124 
13133 


72 
133 
197 
293 

411 
555 
716 
1140 
1668 
2332 
3144 
4063 

5137 
6453 

7774 
9487 
11138 


57 
103 
154 
226 

318 
431 
554 

886 
1293 
1691 
2438 
3150 

3978 

5003 
6026 
7350 
9703 
10793 
11908 
13814 


46 

83 
123 

183 

255 
345 
643 
709 
1038 
1450 
1955 
2527 

3188 
4014 
4834 
5941 
7400 
8184 
9554 
11080 


37 

66 
98 
144 

202 
274 
353 
563 
823 
1075 
1550 
2001 

2529 
3180 
4000 
4677 

5866 
6485 
7572 
8781 


22-5 
40 
60 
89 

124 
161 
216 
345 
505 
706 
950 
1223 

1550 
1935 
2350 
2872 
3597 
3983 
4653 
5392 
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The velocities of mixtures of alcohol and water vapours, in pipes of 

loss of 



Alcohol -water vapour. 


Weight of 


Weight of 


! >iameter. 


Alo.'liol. 






of air at 
the tem- 


pour at the 
tempera- 


40 | 50 60 


per cent 
by 


Tempora- 


Density. 


perature 






weight. 










Velocities, 




ti 


ftl 


Kiloa. 


Kilos. 







100 


0623 


1041 


0-648 


11-76 


1311 


14-35 


5 


99-5 


0643 


1043 


0670 


11-50 


12-82 


1408 


10 


99 


0-664 


1044 


0-693 


11-34 


12-64 


13-89 


15 


98-6 


0-686 


1045 


0-715 


1118 


12-46 


13-69 


•20 


98-3 


0709 


1046 


0742 


1094 1219 


13-30 


25 


98 


735 


1047 


0768 


10-82 , 1206 


13-25 


30 


97 2 


0763 


1 049 


799 


10 58 1 11-79 


12-96 


35 


96 3 


0-792 


1052 


0-833 


10-34 11-50 


12-66 


■10 


95 


0824 


1 056 


0-870 


10-12 11-28 


12-36 


45 


93 8 


0-859 


1059 


0909 


9-92 11-06 


1212 


50 


924 


0896 


1060 


0950 


9-68 10-77 


11-84 


55 


909 


0937 


1067 


0-999 


9 42 j 10-50 


1153 


60 


895 


0-981 


1-071 


1050 


9-92 1 10-28 


11-29 


65 


87-8 


1031 


1076 


1109 


8-98 1 10-00 


1100 


70 


86-3 


1088 


1-081 


1 176 


8-721 9-72 


10-63 


75 


84-5 


1148 


1086 


1-247 


8 48 9-45 


10-83 


80 


82-7 


1-214 


1092 


1-326 


8-20 9-H 


1000 


85 


80-5 


1292 


1098 


1-418 


7-92 8-83 


9-70 


90 


79 


1 378 


1103 


1-520 


766 


8-54 


9-38 


95 


787 


1-479 


1104 


1-632 


7 42 


8-27 


9 08 


100 


78-4 


1593 


1105 


1-750 


714 


7-96 


8-74 



Pipes for steam of very low pressure (vacuum) are rarely longer 
than 20 m. Steam pipes for higher tensions are generally of much 
greater length. If the pipe is not 20 m. long, but has another length, 
/,, the weight of steam, which passes through in one hour, is then 
found by multiplying the weight given in Table 32 by the (actor 



V L 



(147) 
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Table 33. 
40-250 mm. bore and 3 m. long, at a pressure of 1*1 atmos. abs. and 
O'l per cent, pressure. 



d, of the pipe in mm. 


TO ' 80 90 100 1 126 150 175 200 225 250 


t>4, of the alcohol-water vapour in m. per second. 


15-29 


16-36 


17-60 


18-58 . 20-58 ! 22 93 


24-69 


26-28 


27-90 


29-4 


14-95 


16 10 


17'20 


18-17 


20 13 


22*42 


2415 


2585 


27 31 


28*74 


14-74 


15-87 


1701 


1791 


19-84 


2211 


23-81 


25-34 


26 93 


28-35 


14-53 


1565 


16-77 


17-66 


19-56 


21-80 


2347 


24-96 


26-55 


2795 


14-22 


15-31 


16-41 


17-28 


1915 


21-34 


22-97 


24-45 


25-98 


27 35 


14 06 


1514 


16-23 


17 09 


18-95 


2110 


22-72 


2419 


25-69 


27-05 


1375 


1481 


15-87 


16*71 


1851 


20 63 


2221 


23-64 


25 13 


26 45 


1844 


1447 i 15-51 


1634 


1810 


20-16 


21-72 


2310 


24-56 


25*85 


131 


1417 1518 


15 99 


17-71 


19-74 


2125 


22*61 


24 13 


25 30 


12 89 


13-89 


14-88 


15-67 


17 36 


19-34 


20 80 


22-17 


23-56 


24-80 


12-57 


13 54 


14-52 


15*26 


1690 


18-84 


20 28 


21-59 


22-94 


2415 


12-24 


1318 


1412 


14-88 


1648 


18-37 


1978 


2105 


22-37 


23-75 


11 '98 


12-81 


1383 


14-56 


1613 


17-98 


19-36 


2060 


2189 


23-05 


11-67 


12-57 


13-47 


14-17 


15-71 


1751 


18-85 


2007 


21-33 


22-45 


11-33 


1221 


1308 


13-77 


1526 


17 


1831 


19-49 


20*71 


21-80 


1100 


11-87 


12-72 


1339 


14-84 


16-53 


1780 


18*75 


2014 


21-20 


1066 


11-48 


12-3 


1295 


14-35 


16 


17 22 


18*32 


1947 


20 50 


1029 


1109 


11-88 


12-55 


1386 


15-46 


16 63 


17-70 


18-81 


19-80 


9-96 


1072 


11-49 


1210 


13-40 


14*96 


1610 


1712 


1819 


19-15 


9-65 


1039 


11-13 


11-72 


12-88 


14-47 


15-58 


16-58 


1762 


18-75 


9-28 


1000 


1071 


11-28 


12-54 


13 92 


15 


15*96 


1696 


17-85 



If some other loss of pressure, z„ (not 0-5 per cent.), is assumed in 
the pipe, then, in order to correct Table 32, the weight of steam there 

given must be multiplied by -Wj-r-V. ii which expression z„ is to be 
inserted as a percentage. 

Example.— \i there be 1 per cant, loan ol pressure, *•-!; if 5 per cent., »* = &. 
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In order to obtain the weights of steam far the length, l m , and the 
loss of pressure, z d , the weights in Table 32 most be multiplied by 



\th-\i 40 < ,48 > 

Since, in practice; the weight and the original pressure of the steam 
to be passed through a pipe in one hour are generally known, the 
necessary diameter of the pipe can be found in Table 32* 34 or 35 
(for lengths of '20 m. and a loss of pressure of 0*5 per cent.). For 
other lengths and other losses of pressure equation (148) must be used. 



B. For Mixtures of Alcohol and Water Vapours. 

Table 34 gives the weights of mixtures of the vapours of alcohol 
and water, which can be conducted in one hour through pipes of 
different diameters without considerable loss of pressure. In calculat- 
ing this table it was assumed that the same formulas hold good fortius 
mixture of vapours as for pure water vapour. But since such vapours 
are taken as a rule only through short connecting pipes between the 
different parts of rectifying and distilling apparatus, and since the 
pressure in such apparatus is always kept as low as possible, a pipe 
3 m. long and a loss of pressure of 10 mm. of water [z = 0*01) were 
taken as the basis of the table. 

In the apparatus mentioned the pressure is generally about 1*1 
atmos. absolute, thus the value for p to be introduced into the 
calculation is 10,336 + 1033 = 11,369. 

The alcohol-water vapours may have any desired composition, the 
mixtures vary from 1-998 per cent, of alcohol by weight. Each of 
these mixtures has a different specific gravity and boiling point, there- 
fore it was necessary to determine for each the weight of 1 cub. m. at 
its temperature and at atmospheric pressure. 

The temperatures of the various mixtures of vapour of alcohol and 
water at atmospheric pressure are known ; their densities were taken 
from a paper published by the author. Thus the weight of 1 cub. m. 
of air at a pressure of 1*1 atmos. and at the temperature of each of 
the mixtures of vapour (calculated at intervals of 5 per cent.), multi- 
plier] by the density of the corresponding mixture of alcohol and 
water vapours, gives the true weight of 1 cub. m. of alcohol- water 
vapour at a pressure of 11 atmos. absolute. 
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By means of equation (144) 



-4i 



VO-OOlfily, ( W> 

by inserting the values : J = 3, z t = 001, y, = 0648 to 1 -75, d = 004 
to 025, the corresponding velocities of these vapours in pipes of 
40-250 mm. bore were found. The results of these calculations are 
arranged in Table 33. 

From the velocities and the densities of the particular mixture of 
alcohol and water vapours, (Table 33) were then readily obtained the 
weights which pass, at a pressure of 11 atmos. abs. and with a loss 
in pressure of z t =* 001 m. of water, through pipes 3 m. long of 
various bores. The results are given in Table 34. 

C. For Air. 

The loss of pressure of rarefied air in moderately long tubes has- 
not, to the author's knowledge, been investigated. On the other 
hand, there have been the following researches on the loss of pressure 
of compressed air in long pipes : — 

1. Chief Engineer H. Stockalper at the St. Gotthardt tunnel 
(1880), with pipes of 200 mm. bore and 4500 m. length, and 150 mm. 
bore and 542 m. length. Air pressure, 3-6-5-4 atmos. abs. Velocity, 
4-7-11-3 m. 

2. Prof. A. Devillez and Engineers Cornet and Mahiva at the 
Colliery Levant du Flenu (1881), with pipes of 125 mm. bore and 
981 m. long, and 73 mm. bore and 172 m. long. Air pressure, 33- 
5-3 atmos. abs. Velocity, 2-12-2 m. 

3. Profs. Gutermuth and Riedler at the compressed air installation 
in Paris (1890), with pipes of 300 mm. diameter and 16,502, 8759, 
4403 and 3340 m. long. Air pressure, 6-2-8 atmos. abs. Velocity, 
2-7-8-6 m. 

4. Prof. H. Lorenz at the compressed air installation at Offenbach- 
on- Maine, on 17th January, 1892, with pipes of 100 mm. bore and 
299 m. long. Air pressure, 67 atmos. abs. Velocity, 7*8-9'3 m. 

Riedler and Gutermuth gave for the loss of pressure (?, in kilos, 
per sq. cm.), as the result of their experiments, 

- M8 -' - (150) 



10 lu ' d ' 
ji, . 10>'Td 
4 " V 533(y 



(151) 
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Tabu 34. 

The weight of mixtures of alcohol and water vapours, in kilos., which 

as 11 atmos. absolute pressure with 0*1 per 







Diameter, d, of the pipe in 


. mm. 




Alcohol 
vapour, 







— — 


— — 












per cent. 


40 


50 


60 


70 


80 


90 


by 

weight. 


— — — 




























Weight in kilos, of the 


mixture of alcohol and 





34 


577 


t 

93 


134 


191 


258 


5 


35 


583 


94 , 


137 


: 194 


261 


10 


35 3 


59-6 


96 


139 


. 197 


267 


15 


36 


60-5 


97 


141 


i 201 


272 


20 


36 5 


61*4 


101 


145 


I 204 


276 


25 


373 


629 


I 102 


148 


209 


282 


30 


38 


639 


103 


151 


213 


288 


35 


39 


65-2 


105 


153 


217 


293 


40 


40 


66-6 


: 108 


156 


222 


300 


45 


405 


68 


110 


161 


227 


307 


50 


414 


69-5 


113 


163 


; 231 


311 


55 


424 


714 


1 115 


167 


' 237 


320 


60 


436 


734 


1 119 


173 


i 242 


330 


65 


44-8 


; 754 


1 122 


177 


1 250 


339 


70 


45 5 


775 


126 

i 


181 


I 257 

i 
■ 


357 


75 


476 


80 


! 130 


188 


! 266 


359 


80 


487 


. 82-7 


1 133 


192 


■ 273 


368 


85 


50*5 


i 861 


1 138 


198 


! 282 


378 


90 


52*4 


888 


! 143 


207 


i 292 


396 


95 


54*5 


92-2 


■ 148 


215 


! 304 

i 


410 


100 


5652 


94 8 


t 

, 154 

i 


223 


i 317 

! 


425 



For a loss of pressure of 0*5 per cent, in pipes 20 m. long, the 
permissible air velocities would be, according to this equation, in 
pipes of the 

Bore 50 60 70 80 90 100 125 mm. 

r, 138 14-8 16 1726 1817 1938 22*1 m. per sec. 
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jassess in one hour through pipes of 40-350 mm. bore and 3 m. long, 
sent, loss in pressure (10 mm. of water). 







Diameter 


d, of the pipe in mm. 






100 


125 


150 


175 


200 


225 


250 


«Mi vapours which passes through the pipe 


*« ••»• 






336 


587 


940 


1385 


2045 


2674 


3394 


340 


594 


950 


1393 


2077 


2680 


3402 


347 


606 


970 


1429 


2109 


2688 


3470 


356 


617 


986 


1449 


2134 


2714 


3528 


359 


627 


1000 


1472 


2145 


2756 


3585 


367 


643 


1025 


1510 


2178 


2817 


3670 


374 


653 


1043 


1535 


2184 


2869 


3733 


378 


666 


1061 


1564 


2198 


2922 


3802 


389 


681 


1081 


1600 


2223 


2993 


3889 


399 


693 


1111 


1636 


2276 


3060 


3985 


405 


707 


1186 


1668 


2317 


3117 


4052 


417 


727 


1218 


1714 


2378 


3199 


4195 


428 


746 


1251 


1757 


2444 


3286 


4275 


440 


767 


1287 


1809 


2509 


3381 


4397 


453 


789 


1326 


1860 


2576 


3481 


4505 


467 


816 


1365 


1913 


2646 


3583 


4629 


480 


836 


1400 


1963 


2721 


3691 


4770 


498 


868 


1445 


2030 


2890 


3813 


4965 


514 


890 


1509 


2208 


2940 


3952 


5141 


524 


924 


1558 


2230 


3050 


4111 


5400 


554 


970 


1697 


2286 


3173 


4228 


5550 



Bore 150 175 200 225 25Q 300 mm. 

v, 241 2619 27-25 28 61 3029 3331 m. per sec. 



Professor H. Lorenz, who published a re- calculation of the older 
researches and of his own in the Zeits. d. V. d. I., 1892, pp. 621 and 



176 



EVAPORATING AND CONDENSING APPARATUS. 



Table 35. 

The weight of air, L (at 15° C), which passes in one hour through 
pipes of 40-350 mm. diameter and 20 m. long at vacua of 0-740 
mm. and 0*5 per cent, loss of pressure. 







Absolute pressure of the air in mm 


• 




1520 


760 


190 


i 

150 


120 i 110 


55 


35 


20 


Dia- 
meter 
of the 
pipe, 
d 


Velocity 

of the 

air in 

the 

pipe, 










1 
i 








Vacuum in mm. 


i 
i 










i 


i*. 


Vi. 


- ! o 

i 


570 


610 1 640 ! 650 


705 


725 


! 740 

1 


Weight of air, 


L, in kilos., which passes through the 
pipe in one hour. 


mm. 


m. 












40 


8-3 


90 


45 


11-4 


9-2 


7 4 


6-7 


3-3 


21 


1-2 


60 


9-2 


154 i 77 


20 


15-7 


12-5 


10-5 


5-7 


3-7 


2-9 


60 


10-2 


272 136 


35 


27-5 


22 


20 


10 


6-4 


3-7 


70 


11-4 


380 


190 


48 


37-5 


30 


28 


14 


9 


5-0 


80 


12-8 


556 


278 


70 


56-2 


45 


42 


20 


13 


7-4 


90 


13-8 


766 


383 


98 


76-4 


61 


56 


28 


18 


10-3 


100 


14-5 


988 


494 


126 


100 


79 


73 


36 


23 


13 


125 


16-8 


1786 


893 


228 


180 


143 


132 


66 


42 


24 


160 


19 


2910 


1455 


380 


293 


233 


218 


106 


68 


40 


175 


21 


4380 


2190 


570 


440 


351 


322 


160 


102 


60 


200 


23 


6266 


3133 


798 


625 


500 


462 


230 


147 


84 


250 


266 


10788 


5394 


1368 


1080 


864 


802 


400 


252 


144 


300 


30 


18394 


9197 


2337 


1840 


1470 


1850 


674 


430 


246 


350 


33 


27574 


13772 


3515 


2750 


2200 


2090 


1040 


641 


370 



835, was led to the following empirical formula, which gives results 
in excellent agreement with all the experiments quoted : — 






whence 



I z,T 
' ~ Vi>„0 . 273 . 



I 



(152) 



(153) 



X 



If z t be expressed as a percentage, x, of p m , then z t = y^ p m and 



/ * 



p m T 



I loo Fm r 
Vi -y Vm a.m.i = Vi 



xT 



100/3 . 273 



l r . . . (154) 
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(155) 



In this equation, if p„ denotes the absolute pressure at the beginning, 

p, at the end, then p m = ™* ^ - - = the mean absolute pressure ; 

z, = p„ - p, = the loss of pressure in kilos, per sq. m. T is the mean 
absolute temperature of the air ; I the length of the pipe in m. ; v, the 
velocity of the air ; d the diameter of the pipe in mm. ; fi is a factor 
dependent on the diameter of the pipe. 

Q _ 0-52 

P ~ (ji-aotn - ■ • ■ 

The values of /S, according to Lorenz, calculated for pipes of 
various diameters, are : — 
Diameter, d = 50 75 100 125 150 

/8 = 0003103 0001824 0001257 0000934 0000736 
Diameter, d m 175 200 250 300 350 

= 0-000601 0-0005004 0-000377 0000297 0-000243 

Equation (154) gives, for the same loss of pressure, a somewhat 
lower velocity of the air as permissible than equation (151). In the 
want of decisive experiment., we shall assume that equation (154) 
also holds good for air-pipes in which there is a considerably lower 
pressure than the atmospheric. Table 35 has therefore been calcu- 
lated by means of it ; it gives the weight of air, L, passing in one 
hour through pipes of 50-300 mm. diameter and 20 m. long, with 
0-5 per cent, loss of pressure. 

The results of the present chapter may be briefly, though some- 
what inaccurately, expressed, for the moat ordinary cases, as 
follows : — 

The tubes for the evaporation of 100 kilos, of water per hour may 
be given the following sections : — 



For the supply of heating steam at 300 atmos. . 


abs. 2-5-3 sq. cm. 


1-25 


7-12 „ 


For exhaust steam at 100 atmos. abs. 


6-12 „ 


„ „ 125 mm. vacuum 


8-16 „ 


„ 260 „ 


- 10-20 „ 


700 


- 60-100 „ 


For exhausted air at 700 ,, 


1-4 „ 



CHAPTER XVIII. 



THE DIAMETER OF WATER PIPES. 



The quantity of water, which can flow in a definite time through a 
system of pipes, depends upon the pressure which produces the 
movement and on the hindrances (bends, branches, constrictions, 

m 

roughnesses of wall) which obstruct the flow in the pipe. 

It may be assumed that (apart from pumps, pressure and suction 
pipes, which are not considered here) the pressure, which causes the 
motion of the water, is provided either alone by a water-vessel placed 
at a high level, in which case the pressure may be that of a column 
of water 0'5-15 m. high, or alone by a vacuum condenser, in which 
case the pressure is equal to the vacuum measured in metres of 
water minus the height from the point at which the water enters the 
condenser to the water level. Since the vacuum in the condenser 
is always lower than the theoretical, the pressure just mentioned 
(even assuming that the water level is at the height at which the 
water enters the condenser) is at most 10 m. in practice. 

Finally, the pressure causing the flow of water may be due to a 
water vessel at a high level and to the vacuum in the condenser. In 
this case the maximum pressure of 10 + 15 = 25 m. is rarely 
exceeded. 

We shall now determine the quantities of water which can flow in 
one hour through pipes of various diameters with heads of 0*5-25 
m. of water. It is necessary to calculate in each case the actual 
velocity, r„, with which the water moves. 

Let v w = the velocity of the water in m. per second. I 

h w a the total available pressure in m. of water. 



I 
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'ben the velocity theoretically produced at the end of the pipe is 

v. = ,/ajET (156) 

k - = % < 1S7 > 

This theoretical velocity is never attained, since in every system of 
lipes there are several conditions (resistances) which retard the flow 

f the water. We may assume that of the total available head or 
treasure of water, k m , portions, fc„ h it h a , etc., must be used to over- 
ome each of these resistances. These heads are therefore known as 
' heads of resistance ". Each of these pressures, fc„ h. 2 , h 3 , would (if 
here were no resistance to overcome) impart to the water a corres- 
londing velocity, »,, « 2 , i' s , so that, if v. be the velocity actually 
.ttained and ft the head of water theoretically necessary to produce 
his velocity, the total available pressure, A„ — h + A, + h. 2 + h 3 + 

. , , would produce the velocity, r„ + o, + v. 2 + v a + . . . , i.e.. 



= h + h l + /(„ + h s = 



(158) 



Now kj, h it h 3 may be written as fractions of the height, h, then 

K - h + £,A + £ 2 /i + ^ft (159) 

n which A is the head theoretically necessary to produce the actually 
.ttained velocity, v.. 

£,, £j, ( a are known as the coefficients of resistance. 

Since h — =-, therefore 



■£ + H< 



-2, T "% 



' ''- " % (' + { > + £ ' + « 
Hence the real velocity of water in pipes is 
V2g/t. 



(160) 
(161) 



(162) 



" Vl +{,+{, + {, ' 
The coefficients of resistance are estimated as parts of the height. 



1;*0 sv.ipoaAirs'r .lsd iiiiSDESsicro appah^xus. 

J, = 0'50o a "iie .inefficient: n resistance for die enrrv of water 
from :he "aitjc inoi die pipe. T* ramze?* ream O'Ofc-O'aOo. If the 
month of "he pipe ie ^untied and made .ioaicai, £ L is smalL but; far 
safety !t v:il t#» taken : m ») ,: 5«)5. 

C. = *'}'*£& a 'he meincjeiic for nends. For curfic-antidfid elbows. 
:.he nuiiiiH it roe oemi ri -vhieh. r = \ti -.d = -iiamexer or the pipe), 
£. mav rie one viol. Ea ihe follownm Table -Jf5. live bends are 
assumed :cr -iacn pipe, thus ^ = -5 < 0*LdI = 0*S)5. 

s ' :l = o*ti ieiUiCes "Jie resistance of a aap or valve. If these are 
aim<;ai; -icmpiecely :pen. ^ :nay be pur 0*n. but as won as the Gaps or 
viives ire more or Le?w eioaed The ooemmem: of resistance increases 
enormously. 

C = i is *Jie nrfis^uiee -rincii arises shrouds, she entry of water 
\r.r* m j x 7-wsei. If rJie section -it ^ie pipe be v. ami that of the vessel 

V . "hen -he veio^it^. ■•. :n the pipe oeeomes «7-^- in die vesseL The 

r»8i auAT.ce head :s therefore 



r — »• : - i 









*.-— ; sr^-'W.'s • • - - a *» 



Bin * = ." .icd *. = J, A. therefore 



/. 



- ^ 



flU) 



f: v § r,e Tery kTeat in proportion to Q. as is almost always the 
-%**. sr.e fraction . becomes very small and l 1 - t? 1 differs but 

I. vie *.r,t:. rifiity. Thus we shall assume that £4 = 1. 

I, 
(, = a = the coefficient for the friction in the pipe. A is found 

b-v I>arc v ' 1 form 1 i la : 

A - 0-01868 h- °°°f y78 (165) 

Thin coefficient must be separately found for every diameter and ! 
every ien^h of pipe. In the following small table are given the 1 
value.* of A for diameters from 020 to 0*450 m. 
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According to equation (165) : — 
For d = 20 25 30 35 40 45 mm. 

A = 004528 004019 003682 003439 003259 003120 
For d - 50 60 70 80 90 100 mm. 

A = 03004 002838 002718 002624 002553 002497 
For d - 125 150 175 200 225 250 mm. 

A = 02394 002327 002279 002231 002214 002192 
For d = 300 350 400 450 ram. 

A = 002155 002135 002115 002101 

On the assumptions made above, the equation for calculating the 
velocity of water in cylindrical pipes is 



7 1 + ti + & + Cs + 1* + » 



(166) 



/l + 0505 + 5 x 0161 + 6 + A A 



7 



(167) 



3-91 - 



This equation has been employed in calculating Table 36, from it 
■was found the velocity, v„ of water in pipes of 30-225 mm. diameter, 
for heads of ft. = 05-25 m., and lengths of pipe of I = 10-100 
in. The quantities of water, W, flowing through the pipe in one 
hour were then calculated from the velocities. 

Since the figures of Table 36 always give the greatest quantity of 
water flowing through the pipe under the conditions assumed, it is 
necessary for practical use to add to the diameter of the pipe or 
to subtract from the quantity of water thus determined, especially in 
view of the possible occurrence in the pipe of a larger number of 
bends, branches, alterations of section and valves, and increased 
roughness of the inner surface. 



1*2 
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The auancitv it vater. X. 



inrier iieaiis )i tracer of 0*5-25 m. 



Fft»jwi -rf 


Length 






Bore >f oiDe =n mm. 




















>f pin«. 


¥) 


35 


Mi 
if -racer. T". 


4o 


t0 


'30 


•quantity 


in :ub. m. 


3*tr ismi. 




.11. 


.71. 














0-5 


10 


20 


2 9 


4-1 


OO 


69 


10-9 




20 


15 


.^..> 


3-1 


42 





8*7 




40 


14 


7 ■■" ' 
J. 1 


2 3 


3 2 


42 


6 5 




8i") 


0*9 


1-3 


IS 


26 


3o 


0^ 




10 


0*8 


1-2 


In 


2-3 


29 


4-9 


10 


100 
10 


0*7 


11 


i-o 


21 


2 7 


44 


^ 


41 


> 


7"*? 


9*8 


15*3 




20 


22 


31 


44 


6 


7-8 


123 




40 


!••> 


2 4 


3 3 


4 5 


5*8 


92 




60 


13 


19 


26 


37 


4-9 


7*9 




80 


1-2 


17 


2 4 


3 1 


41 


7*1 


2 


100 
10 


0-9 
43 


1*6 


2 2 


3 


3*9 


6-2 


o-S 


s-i 


Hi) 


13-8 


21*8 




20 


31 


44 


63 


"TO 


11*1 


17*4 




40 


2-3 


3 3 


47 


63 


8-3 


13-1 




60 


1-8 


27 


3 7 


5 3 


7*0 


11 3 




80 


1-6 


23 


3-4 


46 


5*9 


10*0 


30 


100 

10 


50 


2*2 


31 


42 


5*5 


8*9 


71 


98 


13 5 


16*0 


26*6 




20 


3 8 


5*5 


4 I 


10-4 


12$ 


21-3 




40 


2-8 


41 


57 


7-8 


9*6 


16-0 




m 


22 


3 3 


4 6 


6 5 


&*0 


13*8 




80 


1-9 


29 


41 


o-6 


69 


12*3 


4 


100 
10 


1-6 
5-7 


2-7 


38 


5*2 


6*4 


10*8 


^-2 


11-2 


15*6 • 


19*5 


30*8 




20 


4 3 


6-3 


8-7 


12*0 


15*6 


24*6 




40 


32 


4-7 


6o 


9*0 


11-7 


18*4 




m 


2 6 


3-8 


5-2 


8 


9*8 


160 




80 


22 


34 


47 


6*6 


89 


14*3 




100 


21 


31 


4-3 


60 


7-8 


12*3 
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Table 36. 
pipes of 30-225 mm. diameter and 10, 20, 40, 60, 80, 100 m. long, 



(5 elbows and 1 valve 


issumed). 










Bora of pipe id mm. 


70 


80 


90 


100 


136 160 : ITS 200 


226 


Quantity of water, H", in cab. m. per hour. 


15-7 


210 


27-9 


35-7 


57-9 


84-8 I 1171 


1567 1 2031 


12-6 


17-5 


23 2 


29-6 


49-7 


750 1 106-4 


142-4 i 184-6 


9-7 


13-5 


18-6 


21-7 


397 


60-0 | 857 


1139 1477 


8-3 


11-5 


15-3 


20-7 


34-8 


551 J 819 


109-6 


1421 


7*3 


105 


139 


18-6 


313 


49-5 74-5 


997 


129 2 


6 5 


9-6 


12-8 


16-3 


29-8 


45-0 70-2 


951 


1217 


22 3 


310 


39-5 


49-1 


814 


1200 165 7 2206 


288-1 


17-8 


25-8 


32 9 


41-8 


70-2 


106-2 150-6 . 202-3 


261-9 


137 


19-9 


263 


33 3 


561 


849 , 120-5 . 161-9 


209-5 


10-7 


160 


21-7 


292 


491 


780 115-9 1558 


201-6 


94 


15-5 


19-7 


26 '3 


44 '2 


701 | 105-4 141-6 


183-3 


9-4 


14-2 


18-1 


230 


.421 


643 i 998 133-5 


172-8 


31-6 


42-1 


49-7 


69-4 


115-7 ! 170-4 | 2342 1 3159 


406-6 


25*3 


351 


41-4 


59-3 


99-8 1507 I 212-9 287"2 


369-7 


194 


27-1 


331 


47-4 


798 120-5 1703 1 2297 


2957 


16*7 


23-2 


27-3 


415 


69-8 I 110-8 | 162-8 221-1 


284-6 


14 6 


210 


24-8 


37-3 


62-8 


99-4 ! 149-0 j 2010 


2587 


12-9 


19-3 


22-8 


32-6 


59-8 


90-4 [ 140-5 | 189-5 


244 


39-2 


521 


68-4 


85-9 


141-4 


2091 


287-6 : 386-8 i 504-8 


31-4 


430 


570 


72-9 


121-9 


1851 


261-4 ; 3516 4580 


24-2 


33 2 


456 


58-3 


97 5 


1480 


2091 . 281-3 1 364-4 


207 


28 '4 


37-6 


510 


85-0 


136-0 


201-3 ' 2707 352-6 


18-2 


25 8 


34-2 


45-9 


76-8 122-1 


1830 I 2481 1 319-6 


165 


23-6 


316 


400 


731 | 1110 


172-6 j 232-0 ' 302-2 


44 6 


45 


78-8 


981 


163-9 


243-5 


3333 447-7 


580-9 


35-7 


37-5 


65-7 


83 '9 


141-3 


215-6 


303 


4070 


528-1 


27-5 


28-9 


52-5 


671 


113-0 


172-5 


242-4 


325 6 


422-5 


23-5 


247 


43-3 


58-7 


98-9 


158-4 


233-3 


3134 


406-6 


21*4 


225 


39-4 


52-8 


890 


141-2 


212-1 


284-9 


369-6 


19-6 


20-5 


36 1 


46-1 


84-8 


1293 


199-8 


256-2 


332-6 
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Tabu 36 — (<m***h«*2). 



Head of 
water. 


Length 
of pipe, 

L 


Bore of pipe in mm. 


30 


35 


r 

*> 1 


45 


50 


60 


Quantity of water. W 


. in cub. m. per hour 




m. 


m. 














50 


10 


63 


8-6 


12-9 


17*5 


22*8 


34*0 




20 


4-9 


6*6 


9-9 


13*4 


17*5 


261 




40 


3-6 


49 


74 


10*1 


13*1 


19*6 




60 


2-9 


3^ 


5-9 


8-5 


11*0 


16-7 




80 


2-5 


36 


54 ' 


7*4 


9*0 


14*9 




100 


23 


32 


4*9 


6-7 


8-7 


131 


60 


10 


7-9 


10-0 


i 
142 i 


191 


25*0 


36*0 




20 


53 


7-7 


\ 10"9 | 


14-7 ! 


19-2 , 


277 




40 


40 


5-8 


t 81 i 


11*0 i 


14*4 . 


20*7 




60 


32 


4*6 


65 


9*2 i 


121 ! 


18*0 




80 


2-7 


42 


6-0 


8-1 | 


10*9 • 


15-7 




100 


25 


3-8 


54 


73 


9*6 | 


13-7 


7-0 


10 


7-7 


10-8 


15 3 I 


206 


27*0 


40-2 




20 


5-7 


83 


11*8 


15-9 


20*8 


30-9 




40 


43 


6-2 


8-8 , 


119 


15-6 


23-2 




60 


34 


5-2 


71 


10*0 


131 


201 




80 


30 


4-6 


6-5 


8-7 


11*8 


17*6 




100 
10 


2-7 


4*1 


5-9 


79 


10*4 


15*4 


80 


81 


116 


163 


221 


28-8 


44*9 




20 


61 


8-9 


, 126 


170 


22-2 


34-5 




40 


4-6 


6-7 


94 


12-7 


16-6 


25*9 




60 


37 


, 5 ' 3 


7 5 


10-7 


14-0 


21*5 




80 


32 


4*9 


, 69 


9*3 


12-6 


197 


90 


100 
10 


2-9 


4-4 


63 


85 


111 


17*2 


8-5 


124 


17*4 


23*7 


32-3 


47-7 




20 


6-5 


1 9-5 


134 


182 


24*8 


36*7 




40 


4-9 


, 7 .! 


1 100 


136 


18*6 


27*5 




60 


39 


57 


, 80 


11-4 


157 


23*8 




80 


3-4 


4*9 


73 


100 


141 


21*2 




100 


36 


4-5 

i 


67 


91 


12-4 


18*7 
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Table 36— (continued). 



Bore of pipe in mm. 


70 


80 


90 


100 125 


ISO 175 200 

I 1 


225 






QuaDti 


y of water, W, in cub. m. per hour. 


50-0 


66-6 


879 


110*1 


183-4 


272-4 


3714 


499*7 645-5 


40-0 


55-5 


73 2 


941 


158-1 


2410 


337-6 


454-2 


586-8 


308 


42-7 


58-6 


75*2 


126-5 


192-8 


2701 


363-4 


469-4 


26*4 


366 


48*3 


65*8 


110*6 


177-1 


259*7 


338-7 


451*8 


232 


33-3 


43-9 


59*2 


996 


159 1 


236*3 


317-9 


410*7 


210 


30-5 


40*3 


51-7 


94-8 


144-6 


222-8 


299-8 


387-3 


53 1 


73-5 


98-5 


120*6 


202*7 


294-7 


408-5 


549 6 


708-4 


42-4 


61-3 


81*2 


1031 


172 7 


260-8 


371*4 


499-7 


644 


32-7 


47-2 


65*0 


82*5 


138-1 


208-6 


297-1 


399-7 ! 515-2 


28-0 


40-4 


62-4 


72-4 


120-8 


191-5 


301-3 


384-7 495 9 


24-6 


387 


48-7 


64*9 


108-8 


172-1 


259-9 


349-7 450-8 


222 


36-7 


47-8 


60-9 


103*6 


1564 


245 1 


329-8 j 424-0 


48-4 


80*1 


104-4 


129-6 


215*9 


316*9 


4390 


602-0 763-5 


46-7 


667 


87*0 


110*7 


185-5 


280*5 


399*1 


538-2 : 6941 


35-9 


51-4 


716 


88*7 


148-4 | 224-4 


319-3 


430 5 635-3 


308 


440 


57-4 


77*6 


129-8 j 206-1 . 305-1 


314*4 


534-5 


271 


400 


53-6 


69 8 


116*8 185-1 


279-4 


376-7 


485-9 


27'9 


367 


478 


60-9 


111-3 


168-3 


250-5 


355 2 


4581 


65 


84-6 


112-6 


1388 


232-7 


3395 


4704 


6281 


818-7 


520 


70 5 


938 


118-6 


199*2 


3021 


427-7 


5710 


744-2 


400 


54-3 


75*1 


951 


159*4 


241-7 


3421 


456-8 


595-4 


34*3 


46*5 


619 


83-0 


1394 


2221 


329-3 


439-6 


573-0 


27-7 


42*3 


56*3 


74*7 


125-4 


195-5 


299*3 


399-7 


5209 


273 


38*8 


52-7 


65*2 


119*5 j 183*7 


281-6 


376-6 


4900 


67*0 


90*9 


117*9 


145*7 


2459 


362*2 1 497-1 


670-3 


865-9 


53-6 


75*7 


98-3 


124-6 


2120 


320*5 1 451-9 


609-4 


787-2 


412 


58*5 


78*6 


99-7 


169-6 


256*4 371 5 


487*5 


629-7 


34-7 


50*5 


64*8 


87*2 ' 148-4 


235-6 1 347-9 


469-2 


6061 


32-1 


45-4 


57*9 


78-5 133-5 


211-5 1 316-3 


426*6 


5510 


29-4 


41*6 


54*0 


74-7 127*2 


192-3 298-2 


402-2 


519*5 



iMfi 



EV\PORaTTN«t AXD nNDEN-ilNil APP\B.\TC5. 



Tabcu* Mi — * ivntintuxi .. 



ff«wi if 


T>»ngtli 


. — 


_ 


3ore it Tips in urn. 
















if .no*. 


yi 


<amnritv 


±0 


45 


50 


nC 


)t tracer. "T. 


n jnb. nu per hoar. 




m. 


in. 














10-0 


10 


8*9 


13 


18*3 


25-1 


316 


48 5 




20 


6-9 


10-i) 


L41 


19-3 


25-3 


3*8 




U) 


■5*1 


7 5 


LO-H 


14'5 


19-0 


29-1 




HO 


41 


•vO 


r-t 


12-1 


16 


25-2 




*0 


3 6 


5*5 


< * < 


10*6 


144 


2±5 


110 


100 


3-0 


50 


7 


96 


12*6 


19-8 


10 


9*4 


13 6 


19*3 


26 


32-6 


51 1 




20 


* — 


10-5 


149 


20-0 


261 


40-8 




10 


5*4 


7"S 


I1L 


150 


24 4 


3-8-3 




60 


43 


6-3 


8 9 


12-6 


16 o 


26 5 




80 


:*■« 


5** 


rrl 


no 


148 


23-7 


120 


100 
10 


35 
1 0-0 


o-2 
143 


74 


10-0 


13 


2Q-8 


19*5 


27-3 


33-6 


53 3 




20 


To 


11*0 


15 


ill 


268 


427 




40 


56 


-3 


11-3 


158 


20-1 


326 




80 


43 


• • 


9-0 


13-2 


171} 


277 




HO 


3 9 


6*0 


> i 


11-6 


15-3 


247 


1 3 


100 

10 


3-7 
10-2 


-r4 


74 


10-5 


134 


21-7 


148 


20"? 


28*2 


353 


558 




20 


7">5 


11-4 


16-0 


21-7 


283 


44-6 




40 


59 


So 


12 


163 


21 2 


33*4 




60 


47 


6--S 


96 


13-6 


17-9 


29-0 




lO 


42 


62 


8*s 


11-9 


16^) 


25.8 


110 


I0r> 

10 


3-8 
106 


56 


6 


10-8 


14-0 


22*7 


152 


20-7 


29-2 


384 


59*4 




20 


8-2 


11-7 


16-7 


224 


295 


457 




40 


1 


M-** 

^ * 


125 


16-S 


221 


34 3 




60 


4 


70 


100 


135 


180 


279 




ftO 


44 


6-4 


91 


12-3 


16-2 


260 




joo 


4 


-5-8 


83 


11-2 


14-7 


227 
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Table 36— (con tin tied). 



Bore of pipe in mm. 


TO 


80 


90 


100 


125 


ISO 175 200 


225 


Quantity of water, If, in cub. m. per hour. 


71-4 


93-7 


120-9 | 1544 


i 
258-7 391-8 5247 i 707-7 


9131 


56-3 


78-1 


103-3 


133 1 


223-0 i 337-7 477"0 i 643-3 


8301 


43-4 


602 


82-6 


106-4 


178-4 2701 381-6 | 514-6 


7305 


37-2 


515 


68-1 


93 1 


1561 


2491 345-3 4953 


639-2 


326 


468 


61-9 


83-8 


140-5 


222-9 333-9 | 450-3 


581-1 


28-2 


42-9 


56-8 


73-2 


133-8 


202-6 314-8 | 424-6 


547-8 


74 -3 


981 


130-5 


1630 


269-2 


391-8 1 525-9 7004 


9541 


59-4 


81-7 


1088 


139-6 


2341 


355-5 ! 478-1 1 672-7 


867-3 


457 


63 


87-0 


119-6 


187-2 


284-4 382-5 | 5382 


693-8 


37'2 


53-9 


71-8 


97'7 


163-8 


261-3 


368-1 414-4 


667-8 


34-4 


49-0 


652 


87-8 


1474 


234 6 


3347 | 370-9 


607-1 


298 


44-9 


59 8 


76-7 


1404 1 213-3 


315-5 1 355-1 


5724 


75-6 


1020 


136 


171-2 


286-3 416-8 j 5861 7711 


1006-0 


GO -5 


85 


1133 


145-5 


245-1 368-9 523"8 701-0 


914-6 


464 


66-4 


90-6 


116-4 


216-1 295-1 419-0 ! 560"8 


731-6 


399 


56-1 


74-8 


101-8 


171-5 2711 i 403-3 j 5397 


704-2 


35*0 


510 


68-0 


91-6 


154-4 | 243-4 3666 , 490-7 


640-2 


30 3 


46-7 


62 3 


800 


147-0 : 221-3 1 345-7 1 462-6 

1 ! 


603-6 


80-7 


107-4 


142-8 


176-8 


293 6 


434-8 


599-9 


807-2 


1039 1 


64-6 


89-5 


119 


1511 


253-9 


384-8 


545-4 


733-8 


944-6 


497 


75-9 


95-2 


120-9 


203 1 


3078 


436-3 


587-1 


7557 


31-6 


590 


78-5 


105-8 


177-7 


284-1 ; 419-9 


565 1 


727 3 


37-4 


53-7 


71-4 


95-2 


1600 


253-9 | 381-8 


513-6 


661-2 


32-5 


49-2 


654 


83-1 


152-3 


2309 3599 


484-3 


623-4 


83-3 


111-7 


148-1 


183-5 


304-8 


4521 1 6190 


839-5 


1078-4 


66 '6 


93-8 


123-4 


156-8 


262-8 


400- 1 5627 


763-2 


9804 


51-3 


71'8 


98-7 


1254 


2142 


3200 450-2 


610-5 


784-3 


43-9 


61-4 


81-4 


111-7 


183-4 


2940 425-6 


587-6 


754-9 


38-6 


559 


74 


98-8 


195-5 


263 393-9 


534-2 


686-3 


34-9 


51-2 


678 


86-2 


157-6 


2400 1 3714 


5100 


6470 



18* 



"AF*"»RVny»i .LSI) :"»NT»EX>I5«t AFPARATC5. 



Tabu 



<..ftiti?/A#rt». 











IB » 


C .«* _^L^J 






^ 


? i5 


iO 


45 


50 


-JO 




^cAcnrv 


reiser. T" 


.r .-aa. 


m_ per boar. 




m 


m. 














lo-O 


IH 


in-i 


1.3*7 


2~2*3 


30-4 


39*6 


62-1 




JO 


•«-4 


"2-l 


♦ m» •* 


23-4 


30*4 


477 




4il 


*v3 


■>-) 


12-9 


17-5 


22"? 


35-? 




nrt 


5-0 


• -* 


10-4 


14*2 


1S-3 


29-2 




-irt 


4K 


0*1 


9*3 


Id*"? 


167 


26-2 


A"V r l 


10 


4-: 


•M 


"TO 


* * ^^ 


15*2 


23 9 


:: 3 


l*r4 


233 


31-2 


412 


641 




JO 


**7 


I2-i 


17 -J 


2*0 


31i3 


49-3 




40 


*v-5 


>4 


13 4 


IrO 


23*7 


3*59 




*-» 


5-2 


76 


* • 


L4i 


19*1 


30-0 




**j 


47 


-v9 


9*7 


L3-2 


174 


27 1 




liVj 


43 


o-2 


*?9 


12-0 


15-? 


247 


; *••*/ 


io 


I 2 


i i "0 


-24 - 


33-0 


422 


66*0 




20 


92 


134 


• • 


254 


3:2 4 


523 




40 


•■>•* 


iO'O 


14 2 


19-0 


243 


392 




r/j 


•J 'J 


••s-0 


11 4 


13 4 


26-1 


31$ 




*> 


4 


7*2 


10-2 


14^ 


17-? 


2SS 


20 


. 

10 


40 
12 7 


1-54 


9 3 


*f - 


16-2 


262 


25 £ 


35 I 


454 


720 




20 


9-5 


14 1 


19* 


27 -0 


349 


654 




40 


7-3 


10-6 


149 


2*:» 2 


262 


41-5 


2r0 


10 


-0 ^ 
143 


•V5 


12'0 


163 


1S-0 


336 


205 


290 


377 


4S-9 


774 




20 


no 


1-0-9 


223 


290 


391 


61-9 




40 


72 


11 9 


16-7 


21-7 


27^) 


46-4 




00 


GO 


9-5 


13-4 


179 


24-7 


402 




80 


GO 


8-6 


121 


159 


21*6 


311 




100 


0-4 


79 


110 


14-5 


19*5 


309 
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Table 36 — (continued). 



Bore of pipe in mm. 



70 



80 



90 



100 



125 



150 



175 



200 



225 



Quantity of water, W, in cub. m. per hour. 



86-7 


114-4 


153-6 


190-9 


319-4 


467*2 


642-8 


864-4 


69-4 


96-2 


1280 


1631 


273 


413-4 


584-4 


785-8 


53-4 


74-1 


102-4 


130-5 


218-4 


330-7 


467*5 


618-6 


45-8 


63-5 


84-4 


114-2 


1911 


303-8 


457*6 


6050 


40*2 


57-7 


76-8 


102-7 


171*9 


2720 


409 


5500 


36*5 


52-9 


70-4 


89-7 


163-8 


248-0 


385-7 


518-6 



1117*8 
1016-2 
812-9 
782-4 
711-3 
670-7 



910 


1190 


161-4 


196-7 


327-4 


485-1 


661-7 


888-0 


72-8 


99-4 


134-5 


168-1 


282-2 


429-3 


601-7 


807-3 


561 


76-6 


107-6 


134-5 


225-7 


343-4 


481-3 


645-7 


480 


65-6 


88-7 


117-7 


197-5 


315-5 


463-3 


621-6 


42-2 


59-6 


80-7 


105-9 


177-8 


282-6 


423-3 


5651 


38-3 


54-7 


73-9 


92-4 


169-3 


2576 


3971 


532-8 



1149-3 
1044-8 
835-8 
804-5 
731-3 
689-7 



94-5 


127-6 


172-8 


208-3 


345-8 


515-3 


7031 


951-4 


75-6 


106-3 


1440 


178-0 


298-1 


451-6 


6391 


864-9 


58-2 


81-9 


115-2 


142-4 


238-5 


361-3 


511-3 


691-9 


49-9 


701 


95 


124-6 


208-7 


331-9 


492 1 


6660 


42-8 


63-8 


86-6 


111-5 


187*8 


297-8 


447*4 


605-4 


39-7 


58-4 


79-2 


97*9 


178-8 


270-9 


421-8 


559-8 



1243-7 
1130-7 
904-5 
870-6 
791-5 
746-2 



99-6 


132-5 


177*2 


219-9 


79-7 


110-5 


147-7 


187*9 


61-4 


851 


1181 


150-3 


52-6 


72-9 


97-4 


131-5 



363-8 
313-6 
250-8 
219*5 



535 


743-8 


1001-2 


477-0 


6761 


910-2 


381-6 


531-9 


728-1 


3401 


520-6 


700-8 



1291-0 

1173-6 

938-9 

903-7 



111-8 


149-7 


197-8 


89-5 


124-8 


164-8 


68-9 


96-1 


131-9 


59 


82-3 


97*9 


53-7 


74-8 


88-9 


49-2 


68-6 


90-6 



244-2 
210-5 
168-4 
147*3 
132-6 
1260 



407*2 


587-7 


833-3 


1106-9 


351-1 


534-3 


7575 


1006-3 


280-9 


427*4 


666 


905 


245-8 


3920 


621-6 


852-3 


221-2 


352-6 


583-3 


774-8 


210-6 


320-5 


499-9 


664-1 



1459-4 
1326-8 
1261-4 
1123-8 
1021-6 
875-6 



CHAPTER XIX 

THE DJ66 OP HEAT FSk'jTl APPaBjlTTTS ASD PtPES TO THE SCR- 
fittCSFDOrG AlS JLTO MEA3S PJS PS£TESTiyG THE ESCAPEL 

A. The Loss of tfeoL 

E- Ptfcu?. in his da&sze work TVuite" >ig ],i ck&Lttkr. has laid down 
the principles for calcn lacing the loss oi hear; from hoc bodies. We 
ocghs no*, cowerer. to omit the r r*ny Laser researches and methods 
of calculation ; «e *haH therefore give the losses oi heat according to 
Peeler* and alao according to more recent and simpler estimations. 
rr.fc-rtonatetv the remits of the two aieihods oi eakxtiAtion differ 
cor^iderabiy. Peclec*-? eqmtiocs giving wo low numbers, the more 
r&XTA equation* too high rlg*aresw The c&Mrzea Looses of heat, 
although they also are not all in agreezzect, lie approximately in 
the scean of those calculated according to the two formulae. 

According to Pectet. the total hourly k»ss oi heat. J/, expressed 
ir. calories, from 1 so;, en. of hot surface is composed of two parts, 
tiz. : — 

(a* The la** d*je to radiation. R. which only depends upon the 
material and the nature of the radiating surface, in addition to the 
temperature of the air. 0. and the difference in temperature, f, be- 
tween the hot body ar;d the surrounding air. The influence of the 
material and nature of ;he surface is expressed by the coefficient, k\ 
which is for: — 

Copper - 0*16 

Wrought irof: - 277 

Cant iron 3*36 
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According to Peclet's empirical equation 

B = 124-72Ara'(a' - 1) (168) 

in which a = 1-0077. 

(b) The loss caused by contact with the surrounding air, A. In 
this case the shape of the body, in addition to the difference in 
temperature, has a considerable influence upon the loss, which 
influence is expressed by the coefficient, k,. 

According to Peclet 

A =0-552k 1 (i-' M . ...... (169) 

The total loss of heat from the body is therefore, for 1 sq. m., one 
hour and the difference in temperature, (, 

M - B + A = 124-72fraV - 1) + 0552k 1 ( 1 ^ . (170) 

The coefficient, k v was determined by Peclet for many forms of 

surface ; it is different for flat plane surfaces, for horizontal and 

vertical cylinders, and also depends on the diameter of the cylinder. 

In Table 37 are given the following values, calculated according 

to Peclet's data : — 

(a) The loss of heat by radiation, B, from copper, wrought and 
cast iron, for 1 sq. m., one hour, and for temperature differences of 
20°- 180° C. 

(6) The loss of heat by conduction, A, for 1 sq. m. and one hour : — 
(a) From horizontal pipes of 20-1000 mm. diameter, and 

differences in temperature of 20 s - 180° C. 
(j3) From vertical cylinders of 1-3 m. diameter, 1-5 m. high, 

for temperature differences of 20°-150° C. 
(■•/) From plane surfaces of 1-5 "in. height and differences in 
temperature of 20" , -180° C. 

(c) The coefficient, k T , for horizontal pipes, with differences in 
temperature of 20°-180° C. 

(d) The coefficient, k t , for vertical cylindrical surfaces of 1-3 
m. diameter, and 1-5 m. high. 

(«) The coefficient, k,, for vertical plane surfaces. 

From Table 37* the calculated loss of heat (per sq. m. per hour) 
can be read off for the most usual cases. For this purpose the loss 
by radiation, R, for the particular material and the prevailing 
difference in temperature, is added to the loss by conduction, A, 
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Table 37. 

Loss of heat by radiation, R, by conduction, A (also the coefficients, k 

and cast iron, at temperature differences of 20°- 180? C. f 









Temperature Difference. 






20° 


30° , 

i 

1 


i 
40° ! 50P 60° 70° 

I i i 

i 


80° 


90° 






(a) Losh of heat by radiation, R, per I aq 


. nx. from 


copper. 


R = 


37 


5-8 


Sheet copper [k = 0*16). 

80 10-4 139 159 


19 


222 


R = 


64 


100 


Wrought iron (A: = 2-77). 

1385 181 226 275 


328 


384 


R = 


78 


121 


Cast iron {k = 3-36). 

168 219 274 334 


396 


466 


Diameter 

of the 
pipe, mm. 






(6) (a) Loss of heat by 



20 

30 

40 

50 

60 

70 

80 

90 

100 

150 

200 

300 

400 

500 

600 

800 

1000 

Height 

of the 

cylinder. 

mm. 

1000 
2000 
3000 
4000 
5000 



130 
101 

88 

794 

74 

70 

66-6 

65 

626 

57 

54 

51 

49-9 

48 6 

48-4 

47*7 

47 



215 
168 
145 
131 
121 

115 
109-8 
107*5 
103 

94 

89 

84 

82 

81 

80 

78-7 

76-7 



306 

241 

207 

186 

173 

164 

156-6 

153 

147 

133 

127 

120 

117 

115 

113-7 

112 

111 



404 ; 

316 ' 

272 ' 

246 

228 

216 

205-8 

202 

193 

176 

167 

158 

156 ; 

151 ' 

148 : 

147 
146 



505 

396 

340 

307 

285 

270 

258 

'252 

242 

220 

210 

1978 

194 

190 

187 

185 

183 



610 
479 
412 
372 
345 
328 
312 
305 
293 
266 
249 
239 
234 
230 
227 
223 
221 



716 
562 
483 
436 
404 
384 
367 
360 
345 
313 
298 
282 
276 
271 
267 
263 
260 



832 
754 
561 
505 
470 
444 
426 
415 
399 
364 
344 
326 
319 
313 
309 
305 
298 



(6) (0) Loss of heat by 



Diameter of the cylinder = 1 m. 



59 , 

52 

50 

48*8 : 
48-4 1 



96 

86 
82 
81 
80 



138 


182 


123 


162 i 


117 


154 1 


116 


152 


113-7 


148 



228 
202 
194 
191 

187 



275 
245 
235 
227 
222 



323 
289 
275 
267 
261 



375 
334 
333 
309 
299 
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Table 37. 
and k,) from plane and cylindrical surfaces of sheet copper, wrought 
in calories per sq. m. per hour, according to E. Peclet. 



Temperature Difference. 



100° 110" 120° 180° 140° 150° 160° 170° 180° 



wrought iron and cj 



i, at temperature differences of 20°-160°0. 



Sheet copper (ft = 0-16). 
25-7| 29-7| 33-8J 38-3 1 43 | 48 j 54 | 60 | 67 

Wrought iron (ft* 8-77). 
447 | 506 | 585 | 662 | 746 | 836 | 939 [ 1045 J1159 

Cast iron (fc = 8-36). 
641 j 622 | 709 | 803 | 904 1 1014 1 1139 | 1269 |1406 



conduction, A, from horizontal pipes. 



948 


1065 


1185 


1309 


1432 


1561 


1691 


1822 


742 


837 


931 


1028 


1125 


1226 


1328 


1431 


638 


717 


800 


883 


966 


1053 


1140 


1229 


586 


648 


724 


798 


873 


952 


1031 


1112 


536 


601 


671 


740 


810 


883 


957 


1030 


507 


567 


636 


706 


768 


838 


907 


978 


484 


544 


606 


669 


733 


798 


864 


931 


477 


534 


595 


655 


717 


782 


847 


913 


454 


511 


570 


629 


688 


750 


812 


875 


414 


465 


517 


572 


626 


683 


739 


796 


393 


441 


493 


544 


595 


649 


703 


758 


371 


417 


465 


513 


562 


612 


662 


714 


363 


408 


454 


502 


550 


599 


648 


698 


357 


400 


446 


493 


540 


588 


636 


686 


352 


396 


440 


486 


532 


580 


628 


677 


34V 


390 


434 


479 


525 


572 


619 


667 


342 


383 


430 


475 


519 


566 


613 


633 



conduction, A, from vertical cylinders. 

Diameter of the cylinder = 1 n 



364 
352 
344 



535 
477 
457 
440 



646 


705 





_ 


575 


627 








551 


601 








532 


680 








616 


569 


— 


— 


18 
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Tablx 37 — (continued). 



Height 






Temperature Difference. 






of the 














Va> lllv 

cylinder, 
mm. 


&r 


i 30- 


40 5 


! 50 3 


i 

60 s | 70° 

i 


80° 


90- 








Diameter of the cylinder = 1*5 m. 


ft 




1000 


59 


95 


137 


180 226 273 


320 


371 


2000 


51 


86 


121 


159 199 242 


286 


330 


3000 


49 


82 


115 


151 191 231 


272 


315 


4000 


486 


81 


114 


149 . 189 


229 


270 


312 


5000 


48 


79 


112-5 


147 ' 185 


225 


265 


306 








Diameter of the cylinder = 2 m. 






1000 


58 


94 


136 


179 224 270 


317 ' 


368 


2000 


50 


84 


121 


159 199 240 


283 


328 


3000 


48-8 


82 


116 


152 191 225 


271 


308 


4000 


486 


79 5 


113 


148 187 222 


265 


299 


5000 


47 


767 


111 

Diamefc 


146 183 221 
er of the cylinder = 2*5 m. 


260 

> 


298 


1000 


56 


91 


132 


173 ; 217 262 


307 


357 


2000 


51 


84 


120 


158 l 1978 239 


282 


326 


3000 


486 


81 


115 


151 


190 | 230 


271 


313 


4000 


48 


79 


113 


147 


186 224 


264 


307 


5000 


47 


767 


111 

Diame 


146 183 221 

ter of the cylinder = 3 m. 

* 


260 


298 


1000 


DO 


91 


131 


172 216 260 


305 


355 


2000 


51 


84 


120 


157 197 ! 238 


280 


324 


3000 


48*6 


81 


114 


150 189 229 


270 


312 


4000 


477 


78-7 


112 


147 185 223 


263 


305 


5000 


47 


767 


HI 


146 183 221 


260 


298 










(6) {y) Loss of h 


eat by conduction, 


1000 


53-2 


53 2 


87-8 


125 3 206 253 


294 


349 


2000 


486 


81 


115 


151 190 230 


271 


313 


3000 


470 


76-7 


111 


146 183 221 


260 


298 


4000 


464 


761 


108-5 


142-6 178-3 219 


255 


284 


5000 


451 


75 


107 


140-5 176-3 213 


251 


290 




(<•) ^ 


r&lue of the coefti 


eient, k p for horizontal pipes. 










ti = di« 


imeter in mm. 








d = 


: 20 


25 


30 40 50 60 


mm. 






k 1 = 


= 587 


511 461 396 3*58 332 




d = 


■ 70 


80 


90 100 150 200 mm. 






k 1 = 


= 3 15 


30 : 


2-94 2-82 2-567 244 




d = 


' 300 


400 ( 


500 800 900 1000 mm. 






ki- 


= 2-3 


225 ! 


2-21 218 215 213 
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Table 37— (continued). 



Tarn point lire Difference. 


100'' 


lW 


120° 130° 


140" 150° 


160° 


170° 


180° 






Diameter of the cylinder = 15 


m. 






424 


475 


1 530 


585 | 640 


698 


— 


— 




377 


420 


470 


522 ! 570 


617 


— 


— 




358 


401 


448 


495 j 546 


591 


— 


— 




355 


398 


444 


490 537 


585 


— 


— 


- 


348 


392 


436 


481 527 


575 


— 


— 


-■ 






Diameter of the cylinder = 2 








420 


470 


525 


580 633 ; 690 


— 


— 


— 


373 


419 


467 


516 565 615 


— 


— 


— 


350 


395 


438 


484 : 530 577 


— 


— 


— 


344 


385 


432 


477 j 521 569 




— 


— 


342 


383 


430 


475 1 519 ! 566 




- 


— 






Diameter of the cylinder — 2-1 


m. 






405 


456 


i 509 


562 1 615 1 670 


— 


— 


— 


371 


417 


1 465 


513 1 562 i 612 


— 


— 


— 


357 


400 


1 466 


493 ! 540 588 


— 


— 


— 


348 


392 


! 436 


482 i 528 i 575 


— 


— 


— 


342 


382 


430 


475 ! 519 566 


— 


— 


— 






Diameter of the cylinder = 3 








403 


452 


1 505 1 560 


612 


667 


— 


— 


— 


369 


415 


! 463 510 


560 


609 


— 


— ■ 


— 


355 


398 


1 444 ' 490 


537 


585 


— 


— 


— 


347 


390 


1 434 1 479 


525 


572 


— 


— 


— 


342 


383 


430 475 


579. 


566 


— 


— 


— 


A, from 


ortical plane surfaces. 








388 


426 


, 484 


535 


586 1 638 


691 


745 


800 


3C3 


408 


! 454 


502 


550 I 599 


648 


698 


750 


342 


3^3 


1 430 


475 


519 1 566 


613 


660 


709 


336 


379 


! 420 


463 


508 553 


599 


645 


692 


331 


369 


> 414 


451 


501 | 545 


590 


637 


682 




« 


Value of the coefficient, k,, for vertic 
h = height, d — diameter 


al cylini 










A = 1000 2000 3000 


4000 5 


000 mr 


a. 




d = 


1000 It! = 2-65 236 226 


2-22 


2-18 






d = 


1500 k, = 2-62 2 33 224 


220 


316 






d = 


2000 k, = 2-60 2-31 2-22 


217 


213 






d- 


2500 k, = 252 230 221 


216 


2 13 






d = 


3000 k. - 2-51 2-29 2-20 


2-15 


213 






[€) Value of the coefficient, k„ for vertical 




face?. 








h — height in mm. 












A - 1000 2000 3000 4000 5 


300 mir 










k, = 2-4 221 213 208 5 


05 
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which depends on the form of the body and its position at the present 
difference in temperature. 

Example. — A horizontal cast-iron pipe of 200 mm. external diameter loses, 
with a temperature difference of 100° C. T 

If = R + A = 541 + 393 = 934 calories per sq. m. per hour. 

These calculated losses of heat probably approximate to the truth, 
but it is still necessary to state what values have been obtained by 
more recent experiments conducted both on a large and small scale. 
It may be assumed a priori, that experiments with larger objects in 
larger rooms will show somewhat greater losses of heat, since they, 
being generally undertaken for practical purposes, do not so completely 
exclude all the subsidiary conditions (*.</., the rapid motion of the air 
about the warm object of the experiment), as Peclet's purely laboratory 
experiments did. We have endeavoured to collect the accounts of 
researches on loss of heat dispersed through the literature. The 
results of the search are collected in Table 3d ; it should be remarked 
that these experiments do not all appear to be of equal value, since 
some were certainly not carried out with regard to all the circumstances 
to be considered. 

In Table 38 are given the quantities of condensed water found 
in the different experiments, and thence are calculated the calories 
jiven out per sq. m. per hour. Then in the next column is given the 
loss of heat calculated for the particular case by means of Pe*clet's 
formula;. 

Comparison of these figures shows that in reality hot surfaces lose 
about 25 per cent, more heat than Pe'clet's formula indicates, which 
is without doubt explained by the ever-present air currents, which, as 
is well known, considerably facilitate the loss of heat to the air. The 
irregularity of the results of the experiments is due to the same cause 
and to the variable quantity of air in the steam. 

It is not possible to arrange in one table the losses of heat from 
all these hot bodies of such various shapes and sizes. The loss must 
generally be determined as the product of the calculated exterior 
surface and the loss from unit surface, obtained from Table 37 or 39. 

For the most ordinary apparatus — horizontal pipes and vertical 
cylinders of cast-iron, wrought-iron and copper — the losses of heat 
per hour calculated by Pellet's equations are given in Table 39, for 
pipes of 20-1000 mm. diameter per running metre and for vertical 
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cylinders of 1-5 m. height per 1 sq. m. of surface, for temperature 
differences of 30°-160° C. 

In order to find the loss of heat really to be expected, the figures 
of Table 39 must be multiplied by about 1*275, i.e., increased by about 
25 per cent. 

2. According to more Modern Formula. 

The second, more modern, and somewhat simplified formula for 
the determination of the loss of heat, M, from warm bodies to the 
surrounding air, runs as before, 

M = R + A (171) 

The loss by radiation is here, according to Dulong and Petit, 

R = 125A-(l-0077'i - 1-0077'*) .... (172) 

The coefficient of radiation, k, according to Peclet, for copper 
= # 16, wrought iron = 2*77, cast iron = 3*36 ; t x is the temperature 
of the hot space, t 2 , of the cold space. 

The loss by conduction is 

A = 0-556(^ - y 1 ' 233 (173) 

in which b is the coefficient of conduction, which is, according to 
Valerius, for air at rest, 4, for air in motion, 5-6. 

Thus the formula for the loss of heat from hot bodies to the 
surrounding air becomes 

M =125A;(l-0077 t 1 -10077 f a ) + 0556(^ - g 1 * 288 . (174) 

By means of this equation the loss of heat from cast-iron, wrought- 
iron, and copper surfaces, to the surrounding air, per hour and per 
sq. m., has been calculated for differences in temperature of 20°- 
180° C. The results are given in Table 40. 

These figures (Table 40) will be found to be considerably higher 
than those calculated by means of Peclet's formula (Table 39), and 
even greater than the losses experimentally determined. As is often 
the case, the truth lies in the mean. 

In the compilation of experimental results (Table 38), the values 
calculated by both formulae are introduced, in order to facilitate 
comparison. 

The loss of heat from multiple effect evaporators is greater than 
would be due to their simple surface. Let C„ C Ih G ni and C ir calories 
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Table 38. 




Compilation of the results of experiment*! 


on the loss of heat, by 




Ordway, Gutennuth, Pasquay. Rwssn 


er and Paul Miiller. 


>_ 


8 


a | 4 . S | « | 7 


8 9 | 10 11 12 






Author. 


Jl ,, „ > a. 3 2 ' 

Pf Jill I 1 ll 


it -a i 

IE | Li '%& |f i% 

KUoh.' Cal. Cal. Cal. 




mm. . sq. m. abs. " C. "C. Kilos 








h 


1 1 






i, 
51 


.( = 50 


Naked 


Fait 


ijD-W-7 0-0571 4 150 ■ 15 


3176 


1694 | 1628 2060 363 


1 ( = 304*6 


1 1 I 










1 ' ' 






Boiton 




1 






Institute 




1 i 






of Tec lino 




1 1 






logy. 1863 




I I 








Cant iroo 


l-677 ; 2-45, 139 16-2: 5 


45 


Averagc- 




cJ^loO ' 1-677 1 260 140 18-3. 6 


45 




1 


' 0=174 ! i-677i a-ao 1 137 is*s 5 


49 


' 1 




( = 3000 ' l'C77, 2-50 139 !"'« 5 




Naked' 


561 




1 l-(i77| 2-37, 138 15*8 5 


37 


3*28 1 1672 1280 


1700 




I 1*677 2-50 139 18-2 5 


69 




I Cork 




| 1-G77 1 2-53 139 23-2 ' 5 


26 






495 


£ 


l 1-677: 2-60 140 19-2 5-16 










97-5 3 ,144 20? 98 


Cov'd 
1-0 




? 

506 


Cant iron 


rf-=75 ' 97-5 4 152 90! 107-1 






l 552 




M = H3 1 97-51 6 ' 159 20?' 115 


118 1 




585 


1 


( = 330000 


97*5 6 165-3 20? 120 
184 3 , 14* 20? 159 


0-364' 


605 

! 437 


Cost iron 


4 


,/ = 140 i 184 1 4 152 20? 108 


0-92 


l 460 


/i=itw 184 a 159 «>» ita-a 


1-014 


I 503 


N 


■■ = 323000 


184 6 166-3 20? 205 
3 144 20? 202 


1-114' | 
0*929 1 


| 546 
] 470 


Cant irou 


& 


,/ = 75 4 162 20? 812 


11091 


1 555 


i 


It-Mi J 5 159 20? H23 


1-14 , | 


; 566 


( = 330000 g fl 105-3 20? 319 


1-13 . 


■ 556 


cs 


.7=140 S 3 144 20? 253 


0*9 1 




| 455 


I 


ll = iOH i2 4 152 20? 300 
J = 323000 5 169 20 ? 301 


1-067, 




533 


1067 




' 529 




e 166-3 20? 317 


111 




, 546 
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Table 38 — (eon/****/). 



II h 







i- U jl i| 

Is., k h h 

U si 

J! II 



i It ill If 

°C. Kike. KilM. C*l. 

Ni,k*d Niked Nuked N 
15 £-332 333d 1230 
14*5 3-547 
21 3-08 

3145 31*5 



1791 
1561 
1613 



10 1-08 4-09 ; 2093 1299 







129 






: 129 




1 122 1 


















jTIl 


1-0 


99-3 




1 


1 


993 




J 


3-fi 


1398 






17 


115-5 






1-7 


115-1 






l-lt 


IOC 6 






H-fi 


1403 






4-5 


148-2 


- 




H-B 


140 1 


■ 




4?, 


148 






4-5 


148-4 






a-5 

1-9 


154-6 
105 






]■■! 


115 






.4-6 


140 






55 


155 





2-769 
,3-061 3-061 
2-433 '2-433 



10-8 1-97 1-97 



1581 964 1431 I 
1267 954 1431 | 



1-676 ' 1-676 ' 900 



806 




688 




1080 


161 a 


750 


1060 


050 


990 


594 


007 


1020 


151*0 


1030 


1590 


1020 


1526 


ioso 


1560 


1072 


1660 


1100 


1040 



200 



EVAPORATING AND CONDENSING APPARATUS. 



Table 39. 

(a) Loss of heat, in calories, from cast-iron (C), wronght- 

hour. according 
(b) Loss of heat from vertical cylinders, 1-5 m. 

The real loss is about 25 per cent. 
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Table 39. 

iron (IF) aod copper (E ) pipes per running metre in one 
to £. PecleL 

high, per sq. m. per hour, according to B. Peclet 
greater than that calcula;ed here. 









^ 


run re Difference 








ar 


„ 


10CF 


110* 


HP 


Utf 


1*0= 


"» 


1W 


in calorie*, pet running m. in 1 hoar. 










76 


94 


102 


113 


129 


143 


160 


177 


193 


48 


60 


65 


70 


80 


85 


95 


105 


112 


96 


115 


130 


144 


165 


185 


205 


225 


250 


53 


71 


81 


85 


95 


105 


110 


120 


135 


110 


127 


149 


165 


190 


210 


235 


257 


281 


64 


75 


95 


100 


105 


118 


130 


141 


153 


124 


143 


170 


190 


217 


245 


268 


293 


328 


75 


86 


90 


110 


125 


138 


150 


163 


180 


150 


168 


200 


220 


250 


280 


310 


340 


395 


85 


97 


112 


125 


138 


151 


165 


185 


198 


167 


195 


224 


225 


286 


309 


356 


396 


433 


90 


105 


120 


135 


152 


166 


185 


201 


217 


231 


171 


313 


355 


403 


448 


500 


553 


610 


192 


224 


258 


294 


340 


368 


408 


450 


500 


103 


118 


135 


152 


170 


190 


207 


226 


243 


254 


297 


349 


388 


438 


490 


546 


607 


670 


205 


235 


276 


305 


350 


390 


430 


477 


525 


112 


129 


150 


165 


184 


195 


225 


244 


265 


276 


322 


377 


422 


477 


533 


593 


659 


727 


227 


264 


311 


344 


391 


438 


483 


537 


591 


116 


138 


168 


178 


198 


217 


240 


265 


280 


322 


377 


434 


494 


558 


625 


696 


772 


Ml 


267 


310 


367 


413 


468 


515 


585 


643 


710 


141 


161 


188 


211 


225 


251 


280 


310 


335 


379 


442 


510 


580 


707 


733 


815 


907 


1004 


319 


372 


431 


483 


577 


616 


688 


758 


839 


160 


190 


210 


240 


270 


300 


325 


360 


390 


511 


588 


700 


770 


875 


980 


1092 


1211 


1330 


410 


477 


574 


623 


706 


792 


877 


976 


10.4'J 


214 


234 


275 


305 


345 


376 


410 


456 


490 


607 


705 


814 


924 


1048 


1178 


1308 


1466 


1612 


513 


600 


689 


777 


888 


995 


1107 


1225 


1353 


273 


313 


356 


400 


446 


495 


542 


592 


643 



i EVAPORATING AND CONDENSING APPARATUS. 

Table 39 — (continued). 
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be the losses of heat from the separate vessels. It is evident that 
heat lost from one vessel cannot produce evaporation in the following 
vessels. 
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Table 39 — (continued). 
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In the double effect the first vessel loses C, calories, and sinoe 
these 6', calories cannot evaporate anything in the second vessel, as 
much again is lost, i.e., altogether 20, calories. The second vessel 
in its turn loses C„ calories. 
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Thus there are lost : — 

In the double effect : 2C f + C t/ . 

In the triple effect : 3C, + 2C„ + G m . 

In the quadruple effect : 4C,+ 3C /7 + 2C m +C r . 

Table 40. 
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In vertical evaporators the cooling surface per sq. m. of heating 
surface ranges from 0*12-036 sq. m., as a rule it is 016-0'2 sq. m. 

Example. — In a quadruple effect evaporator, with vessels of equal size, the 
cooling surface = 0-18 sq. m. per sq. m. of heating surface. The temperatures 
are: — 



In vessel 



I. 


II. 


III. 


IV. 


00° 


95° 


86° 


60° 


80° 


75° 


65° 


40° 



Thus the temperature differences are - 

If the vessels are of wrought iron, the loss of heat in each, per 1 sq. m. of 
heating surface, is (Table 39) 

0-18 x 600 018 x 550 018 x 460 0-18 x 258, 
i.e., 108 99 83 45*5 calories. 
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The whole loss of heat is thus 
4x108 + 3x99 + 2x83 + 455 - 432 + 297 + 166 + 45-5 = 9406 calories. 
Therefore the average loss per 1 sq. m. □( heating surface in one hoar is 
— t— — 235 calories, which is equal to about 2-3 per cent, of the efficiency. 

in an unprotected quadruple 

effect evaporator of - 300 400 600 800 sq. m. 

The loss of heat is about ■ 70,500 94,000 141.000 188,000 calories 

Or about 180 195 260 345 kilos, of steam. 

Or about 22 33 45 58 kilos, of coal 
per hour. Rather more than less. 

The loss of heat from a large apparatus is thus not inconsider- 
able, and it is very advisable to protect from such losses. 

B. Means for Preventing Loss of Heat and their Efficacy. 

The results obtained in different experiments, which are in 
tolerable agreement, show that the best protection against loss of beat 
is afforded by porous substances, which contain air. The order of 
efficiency, the best first, is as follows : silk, hair, wool, cotton, straw, 
turf, cork, wood, ashes, kieselguhr, sawdust, powdered coke, slag 
wool, mixtures of clay, lime and gypsum, with or without hair. The 
coating should not be too thick or the surface is unduly increased ; a 
larger and cooler surface may easily lose more heat than a smaller 
and hotter surface. The coating should be light, incombustible and 
fairly resistant to external injury. The conductivities of the various 
protective materials, as determined by Fasquay, appear to be reliable ; 
silk waste is tbe best non-conducting material. 

Fasquay found the following conductivities for heat : — 

Bilk 0045-0048 

Cow-hair felt 0057 

Cork shavings 0073 

Chopped turf 0073-00997 

Kieselguhr 0077-0144 

Leroy's mixture 0089-0125 

Knoch's mixture 0090-0240 

Slag wool 0101 

Griiuzweig and Hartmann's (Kieselguhr) - 0122 

Einsiedel's mixture 0-139 
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The coefficient of radiation for the protective mass was taken as 
3*65. 

Pasquay also found {Wtirmeschutz im Dampfbetrieb, 1895) the 
following amounts of condensed steam in a naked and covered pipe, 
other conditions being the same. The temperature of the steam was 
135° C. ; of the air, 13*5°-16° C. (mean, 15°). 

The pipe condensed per sq. m. of surface in one hour : — 

Naked - - - - - - 2-972-3*087 kilos, of steam. 

When covered with a cushion of 

silk 25 mm. thick - - - 0*446 

When covered 55 mm. thick with 

cork shavings - 0*467 

When covered with kieselguhr - 0*640-0*895 

When covered with Leroy's mixture 

25 mm. thick .... 0*672-0*871 

When covered with Enoch's mixture 

25 mm. thick .... 0*845-1*216 

When covered with Klehmet's mix- 
ture 1*396 

It is to be observed that the composition of the compound non- 
conducting materials has considerable influence on their efficiency 
and that the composition is in reality not always the same. Price 
also influences the choice of a non-conducting material. 

By using the best protective coating, in the most favourable case 
about 80-85 per cent, of the loss which occurs from a naked pipe 
may be avoided. 

Johannes Russner proposes for steam pipes a .double covering of 
tin-plate, fitting tight, which is said to be still better than silk. This 
covering appears to be rather expensive. In this case the width 
of the space between the pipe and its jacket is important, it should 
not be too small or too large ; about 10 mm. is stated to be suitable. 



»» 
> » 

>» 



CHAPTER XX. 

CONDENSERS. 

The appliances by means of which vapours (or gases) are liquefied 
or condensed are known as condensers. Sometimes the vapours or 
gases are to be condensed at atmospheric pressure, but more fre- 
quently it is desired to produce and maintain a vacuum by means of 
the condensation. In the latter case the condensation must naturally 
be effected in a space shut off from the air. The condensation is 
accomplished almost without exception in the cases under considera- 
tion by the withdrawal of heat, for which purpose cold water is 
generally used, cold air more rarely, since the former is the cheapest 
and most convenient means. It may be used in two ways : either the 
cooling water is injected directly into the vapour to be condensed, or 
the vapour is conducted over surfaces cooled by water or air. Thus 
there are obtained : — 

A. Jet-condensers. 

B. Surface -condensers. 

The former are cheaper and are therefore always used, unless it 
is required to separate the vapours of valuable liquids (alcohol, ether, 
benzene, etc), or to obtain pure condensed water. 

Of the jet-condensers, which are employed to create a vacuum 
and must therefore be connected to an air-pump, two different kinds . 
may be distinguished, namely : — 

(a) The so-called tvti condensers, from which the air-pump extracts 
the condensed vapours and injected water together with the 1 air and 
uncondeused vapours. The principle of opposite currents between 
vapour and cooling water may be utilised in these condensers, 
but is not of great service. Wet condensers are generally arranged 
for parallel currents. 
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(b) The so-called dry condensers, from which the air-pump ex- 
tracts only the air and uncondensed vapour, whilst the condensed 
vapour and injected water are carried off automatically in another 
way. The principle of opposite or counter-currents is almost always 
applied in this class, and with great effect, thus they are also called 
dry counter-current condensers. 1 

Surface-condensers, since they generally require a large surface, 
are almost always tubular ; they are constructed of one or several 
long pipes or of many short tubes. The vapour may then pass 
through, and the cooling water outside, the tubes, but the opposite 
arrangement is also used. In both cases the whole mass of the 
water may flow slowly, generally upwards (opposite currents), in 
a closed space over the condensing surface. Thus these condensers 
are called closed surface-condensers. In many cases it is not only 
necessary to liquefy the vapours in the condenser, but also to cool 
the liquid. A cooling surface must then be attached to the con- 
densing surface ; this, apparatus is then known as a cooler. If the 
vapour is passed through the tubes and the cooling water allowed to 
flow down outside exposed to the air, the apparatus is known as an 
open surface-condenser. 

A. Jet Condensers. 

1. General. 

When a definite weight of steam at a determined pressure is 
admitted into a condenser, perfectly closed and quite empty, and 
sufficient cold water is injected, almost the whole of the steam is 
converted into water and the injected or cooling water becomes con- 
siderably hotter by the exchange of heat. After the condensation 
there remain in the condenser : warm water, and over it, an ab- 
solutely empty space, in which the pressure would be zero (i.e., a 
vacuum of 760 mm.) if the space were not immediately filled by : — 

(a) The vapour, evolved by the warm water. Its tension, which 
depends on the temperature of the water, is always known. 

(b) Air, which is always introduced into the condenser along with 
the steam and cooling water. 

1 It will be seen that the differentiation of jet -condensers into u wet " and 
"dry" in no way corresponds to the true meaning of the words. These expres- 
sions have been once introduced and are now almost universally employed in 
interested circles. We might propose to call " dry " condensers fall-pipe condensers. 
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If, as a matter of reality, do air at all entered the oondenser, alter 
the condensation there would be in the oondenser only water and 
vapour at a pressure corresponding to the temperature of the water. 
Since, however, air is always introduced by the steam and water, to 
this vapour pressure is to be added the pressure of the air introduced. 
The pressure in the condenser is then the sum of the pressures of air 
and vapour. 

Warm water, which has been used for condensing, then artificially 
cooled and again led into the condenser, contains little air, but still 
always some quantity. 

In a closed vessel, partially filled with hot water, in which a. 
considerable air pressure is produced by artificial means, the water 
would still evolve steam of a pressure corresponding to its tempera- 
ture, which would increase by its own amount the pressure already 



The air-pumps are used to exhaust as rapidly and completely as 
possible the air introduced by steam and water, so that there may be 
in the condenser only the pressure of the steam, which depends on. 
the temperature of the water. 

The pressure in the condenser should be as low as possible, for 
as it decreases the boiling point also falls and the evaporative 
capacity of the heating surface in the vacuum increases. 

There can be no intention of exhausting, by means of the air- 
pump, the vapour formed from the water together with the air, in 
order to increase the vacuum, since the volume of this vapour is 
so great that it cannot be dealt with by pumps of reasonable size. 
If it were desired to exhaust steam from the condenser with the air- 
pump, and thus to form fresh vapour from the water, which process 
would cool the warm water and so produce a higher vacuum, the. 
air-pump would have to be of quite impossible dimensions. 

Example. — Id order to condense 100 kilos, of steam, under certain ojronnt- 
Btanees, 3090 kilos, of water are required, which become heated from 15°-33° 0. 

In order to cool these 3030 kilos, of water through 5° C. (to 30°) it would be 
necessary to deprive them of 15,160 calories, i.e., to evaporate ' - 261 kilos. 
Now 1 kilo, of steam at 30°-S5° O. has a volume on the average of 28,760 litres, 
thus 26-1 kilos, measure 760,376 litres. Such great volumes can naturally not bet 
pumped out In a short time. 

It is therefore necessary to restrict the operation to removing the air alona 
from the oondenser as completely as possible. 
14 
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Since the pressure in the condenser is always the sum of the 

pressures of air and steam, it follows that the pressure of the air 

is found if that of the steam be deducted from the total pressure. 

The pressure of the steam is, however, dependent on the temperature 

of the injected water when warmed 

by the condensed steam, since the 

two are in contact. 

The temperature of the water 
at different parts of the same con- 
denser is different, so must also 
be the pressures of the steam 
and air. The total pressure can- 
not be the same in all parts ol 
the condenser, because currents of 
atr and steam must be produced, 
but this total pressure must always 
lie somewhat lower than the pres- 
sure in the evaporating apparatus, 
the vapours of which are. to be 
liquefied in the condenser, . since 
the friction of the vapour in the 
pipes between the evaporator\and 
condenser naturally absorbs a 
certain amount of pressure. 

There must be a somewhat 
higher pressure in the evaporator 
than in the condenser, in order 
to impart their velocity to the 
exhausted vapours. This differ- 
ence of pressure will be the less, 
the shorter the connecting pipe 
and the slower the movement of 
Fig. 14. the steam in it. On this subject 

see Chapter XVII. 
The higher the temperature of the water in the condenser at the 
place where the air is exhausted, the higher is also the corresponding 
vapour pressure at this point. With a fixed total pressure in the 
condenser, the tension of the air must be lower {i.e., a definite weigh! 
will occupy a proportionately larger volume, which is to be removed 




JET-COXDESSERS. 



water with which it was 



*m- 




from the condenser) the 
last in contact. 

Thus it follows thai, other things heing equal, 
the volume of air to be extracted is least when 
it was directly or indirectly in contact with cohl 
water at its removal from the condenser. This 
is the case in opposite current and surface- 
condensers, whilst in parallel current condensers 
the warm water goes into the pump in ewuon 
with the air and steam. 

The amount of cooling water used in a 
condenser must always be so great that the 
temperature of the waste water is somewhat 
lower than corresponds to the vacuum, since 
only then can the vacuum in the condenser l>e 
maintained somewhat higher than in the evapo- 
rator (i.e., the pressure somewhat lower), which 
we found to be necessary. 

In net [parallel current) jet-cpmlcnsfrs the 
steam enters the closed condenser at the top, 
together with the water in the finest spray, and 
both move downwards with diverse velocities. 
Tha steam then gives up its heat to the cooling 
water and is liquefied, the cooling water takes 
up this heat and becomes warmer. The velocity 
of the steam diminishes in its downward path 
to zero, the velocity of the water increases 
downwards in accordance with the laws of 
falling bodies. Air, water and uncondensed 
gases collect at the lower part of the condenser 
and are exhausted by the air-pump. 

Wet condensers are constructed in many 
different ways. Fig. 14 indicates one construc- 
tion, which is quite practical and permits of the 
necessary injected water being pumped direct 
from a well. 

Opposite currents may also be arranged in Fall-pipe Condousct. 
a wet condenser, by admitting the steam below 
■ and exhausting the air above, by which means the latter, since it is 
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last in contact with cold water, may be removed colder, which is in 
itself an advantage. However, the air in the pump cylinder, or even 
earlier, is in contact with the warm water, above which is steam of 
corresponding pressure. Thus an advantage of this construction can 
hardly be recognised, for the air is intimately mixed with the water 
and very rapidly acquires its temperature, when the condition of things 
is then the same as if air and water were exhausted by the same 
passage. The pressure in the wet air-pump, which is still in question, 
is always dependent on the temperature of the water pumped out. 

In dry (counter-current, fall-pipe) condensers the steam enters 
below and the cooling water in line spray above. The steam rises 
with decreasing velocity, the cooling water falls. It is endeavoured to 
arrange that the cooling water, when it leaves, shall be as nearly as 
possible at the temperature of the entering steam and the air as 
nearly as possible at that of the cold water. It is often assumed 
that the temperature of the steam is the same throughout the con- 
denser, which cannot, strictly speaking, be the case. From the 
bottom of the condenser the injected water and condensed steam 
flow away spontaneously through a vertical pipe at least 10*7 m. 
long. In the most favourable case the pressure in this condenser 
corresponds to the temperature of the cooling water as it enters. 

Dry condensers also may be constructed in different ways. 
Fig. 15 shows, with details omitted, an ordinary design, which is 
quite clear without further explanation. 

We shall next consider separately the factors which affect the 
dimensions of jet-condensers, and then use the results in deter- 
mining these dimensions. 

2. The Necessary Quantity of Cooling Water. 

The quantity of cooling water required in each case depends in 
particular on its original temperature, on that at which it is to leave 
the condenser, and, finally, on the total heat of the steam, which 
depends on the vacuum to be produced. 

Let D = the weight of steam to be condensed, in kilos., 
c = the total heat of 1 kilo, of this steam, 
W = the weight of the cooling water in kilos., 
t a = original temperature of this water in ° C, 
t e = the final temperature of the waste water after the con- 
densation. 
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Then Dc + Wt. ~ (W + D)t, (175) 

Thus the weight of cooling water, 

r-%^ 076) 

Example.— D = 100 kilos, of steam are to be condensed by water at t, = 10°, 
no that the waste water is at t, = 40°. How much tooling water is required? 
At 40° C. 1 kilo, of steam has c = 618-7 calories, therefore 

w, i':;-> , ""jg 8 :'-" 1 - is™ ki.... 

Thus in this case W m 1929 kilos, of cooling water are necessary. 

It is occasionally convenient to have these data at hand, accord- 
ingly Table 41 has been drawn up, giving the number of kilos, of 
water required to condense 1 kilo, of steam under various conditions 
— water injected at temperatures of 5°-40° 0., and waste water at 
20°-60° C. The heat of the steam is taken throughout at c = 630 
calories, whilst in reality it varies somewhat in each case. 



3. The Diameter of the Water Supply Pipe. 

the diameter of the pipe, which conveys the water to the con- 
denser, depends on the quantity to be supplied in unit time and on the 
pressure with which it is injected into the condenser. The quantities 
of water necessary in each case may be taken from Table 41, the 
available pressure depends on the special conditions of each installa- 
tion and may vary greatly. If the water tank (or well) is at the 
same level as the condenser, the whole excess of the pressure of the 
atmosphere over the pressure in the condenser is available for drawing 
the water into the condenser. If there is a vacuum in the condenser 
of 700 mm. of mercury, corresponding to a water column of H = 9525 
m., then the head of water in this case is also h m — H ■ 9-525 m. 
If the water-tank is at the height k t above the condenser, then this 
difference in height is to be added to the vacuum expressed as a 
head of water. The total head is then h. = II + h t . If the water 
is at a lower level than the condenser, viz. at the distance k, below it, 
then the pressure of the water is equal to the difference of these 
heights : ft. — H - h,. The heights k t and ft, must always be 
measured from the point where the water enters the condenser. 
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If it is desired to avoid forcing the water into the condenser by 
means of a pump, the apparatus must never be arranged so that 
H = h h for a certain excess of pressure is required to overcome 
the resistance to the movement of the water and to give the water 
a definite velocity. This excess of pressure should never be made 
less than 3 m., and more would be better. 

The dimensions of the water supply pipe for the different cases are 
to be found in Chapter XVIII. and Table 36. 



4. The Waste-Water Pipe (Fall-Pipe) of the Dry Condenser (Fig. 15). 

The fall-pipe of the dry condenser is used to conduct away 
continuously the condensed steam and the water used to condense it. 
Since there is a more or less complete vacuum in the condenser, 
the pressure of the external atmosphere will keep the water in the 
fall-pipe at a corresponding height, just as it supports the mercury 
in the barometer. 

The pressure of the atmosphere is equal to that of a column of 
water 10*336 m. high at its maximum density, i.e., at 4° G. ; it is 
1*0336 kilo, per sq. cm. Since, however, there is never a complete 
vacuum in the condenser, the height at which the column of waste 
water js kept by the atmosphere is always less. If b be the vacuum 
in the condenser measured in mm. of mercury, and the temperature 
of the water 4° C, then the height of the column of water in the fall- 
pipe is, in metres, 

H=10-336A (m) 

Now the waste water is always somewhat warmer than 4° C, 
hence its specific gravity is less and its volume greater ;-4he column 
of water must accordingly be higher in proportion. 

According to Volkmann (1881), the volume of water, V mt when it 
is unity at 4° C, is : — 

At 4° 30° 40° 50° 60° 70° C. 

V m = 1-0 1-00425 1 007700 1 01 197 1-01694 1 02261 

At 80° 100° C. 

V m = 1-02891 1-04323 
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Table 42. 



The height of the water barometer at vacua of 570-750 



Vacuum, mm. mercury 

Temperature, °C. 

Water barometer, mm. at 4° C. - 

Water volumes at above temperatures 

Water barometer, mm., at above temperatures - 


570 

65 

7798 

1-01966 

7945 


611 

60 

8810 

1-01695 

8450 


642 
55 

8734 

1-01441 

8856 


The velocity of fall of the water, t*„, and the quantity 


Diameter of the pipe, mm. .... 


100 


125 


150 


The head, h = 010 m. 
The length of the fall-pipe, I = 
10117 + 100 + 500 = 10717 mm. J 




063 

17-8 


066 

293 


0695 

44-2 


The head, h = 0*20 m. - - } v w = 
The length of the fall-pipe, I = \ 
10117 + 200 + 500 = 10817 mm. ) W = 


0-89 
25-2 


0-93 
40-8 

110 
48-2 


0-98 
62-65 


The head, h = 030 m. - - } v w = 
The length of the fall-pipe, I = j- 
10117 + 300 + 500 = 10917 mm. ) W = 


109 
30-8 


1-21 
76-9 


The head, h = 0*40 m. - - ^ v m = 
The length of the fall-pipe, I = \ 
10117 + 400 + 500 = 11017 mm. J W = 


1-26 
350 


1-33 
58-5 


1-40 
89-1 


The height of the water barometer, H — 10*117 



Thus the height of the column of water when at rest is, more 
accurately, for each vacuum and each temperature, 



H = 10-336^7, = 0-01366 V w .... (178) 
Now the fall-pipe must convey a certain quantity of water in 



the pall-pipe. 

Table 42. 
mm. of mercury and at the corresponding temperatures. 



666 

SO 

9065 

1011877 

9164 


705 
40 
9592 
1-007627 
9665 


718 
35 
9768 
1-00593 
8817 


728 
30 

1-00425 
9944 


736 

25 

10016 

1-00300 

10046 


742 
20 
10100 
1-00173 
10117 


750 1 

10 I 
10212 | 
1-00090 
10212 


— «■ 


W, flowing away, in 


cub. m. per hour. 








175 


900 


225 


250 


300 


360 


400 

0-81 
366-2 


450 


0-70 
60-5 


0-74 
83-7 


0-75 
103-5 


0-761 
134-4 


0-785 
199-5 


0-81 
280-5 


0-815 
466-5 


1-00 
86-4 


104 
1175 


1-06 
145-0 


108 
190-8 


111 

282-2 


113 
391-3 


114 
575-4 


115 

658-8 


1-25 
108-0 


1-28 

144-3 


1-30 

177-8 


1-32 
2341 


1-36 
355-9 


1-38 

477-9 


1-40 
6330 


1-41 
807-0 


1-44 

124-4 


1-47 
166-2 


1-50 
205-2 


153 
270-3 


1-57 
3990 


1-69 

5524 


1-61 
727-9 


1-63 
9330 




ddition for Safety, s 


= 0-5 m. 









unit time, therefore the water must attain a certain velocity of fall, 
which can only be imparted to it by a certain head, ft. 

This head, A, is that column of water, by which the water must 
stand higher in the fall-pipe than the difference between the external 
atmospheric pressure and the absolute pressure in the oondenser. 
It is designed in the first place to overcome the resistances offered 
to the downward flow of the water, and, in the second, to impart 
the necessary velocity to the water. 
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If this head of water, h t be assumed for a definite case, the 
velocity of the fall of the water, and hence the quantity of water, 
which flows through a pipe of known section in a certain time, are 
found from well-known formulae [Chapter XVIII., Equation (162)]. 
Or, inversely, a certain velocity of fall may be required, and the 
head, h, necessary to create this velocity may be calculated ; since 
we have adopted the plan of always calculating the efficiency of 
apparatus of known dimensions, the former course is taken here. 

Let (compare Fig. 15) 

H — the height of the water in the fall-pipe maintained by 
the vacuum, 

h — the head of pressure, then H + h = the length of pipe tra- 
versed by the water in metres, i.e., the theoretical 
height of the fall-pipe, 

v„ = the velocity of fall of the water in m. per sec, 

d = the diameter of the pipe in m., 

£j = the coefficient for the resistance of the water on entering 
the fall-pipe = 0*505 (see p. 180), 

A. = the coefficient for the friction of the water against the walls 
of the pipe (see p. 180), 

then the following equation holds good : — 

^ „ (179) 

/, , . II + h 

V 1 + *' + x ~3" 

H + h, the length of the pipe traversed by the water, we may 
assume for purposes of calculation, with a slight error, to be always 
10 m., we may then, by inserting various values for h, determine 
the resulting velocity of fall, r„, for all diameters of the pipe, d, to be 
considered. 

In Table 42 may be found the velocities of fall calculated from 
equation (179), and thence the quantities of water flowing in one 
hour through the fall-pipe, for pipes of diameter d = 100-450 mm., 
and for heads, h, of 0*100-0*400 m. 

The waste water thus always stands in the pipe at the height H + h 
above the lower level of the water. However, this position of the water 
is not steady, but rises and falls in consequence of slight variations 
in the vacuum and in the water supply. Safety also demands that 
there shall be a certain space, s, above the water in the pipe, so that 



DISTRIBUTIOS OP THE WATER. 218 

the water may never collect in the condenser. Thus the fall-pipe 
must have at least the height, I = H + k + s. The length, s, may 
be chosen as desired ; it has been taken as 5 m. 

With these assumptions there are given in Table 42, for various 
degrees of vacuum, pressure heads and diameters of pipe, the lengths 
of the fall-pipe, /, and the quantities of waste water, IF, per hour. If 
the length of the waste pipe be increased its diameter may be decreased, 
and vice versA. In making the choice of a diameter of pipe for a 
definite quantity of waste water, a high vacuum (750 mm.) in the 
condenser will naturally be assumed. 

The mean atmospheric pressure at the level of the sea is 760 mm. 
of mercury. At inland places, which always lie higher, it is less, but 
may there even reach 780 mm. 

The vacuum in the condenser will rarely be higher than 740 mm., 
but it would be well to calculate for a vacuum of at least 750 mm. 

In order to facilitate the entry of water into the fall-pipe, it should 
commence with a conical portion connected to the convex (downwards) 
bottom of the condenser. The angle enclosed by the sides of the cone 
should ba 30°. 

5. The Distribution of tke Water in the Condenser. 

After determining the weight of water required to condense a 
definite weight of steam, it is necessary to calculate the dimensions 
of the appliances for distributing the water in the condenser. 

There are two principal methods used for distributing the water : — 
(a) The production of a falling sheet (veil) of water by overflow 
over a straight or circular edge (sill). 

(o) The production of water jets or drops by means of flat plates, 
provided with a rim and perforated by holes, by means of perforated 
pipes, roses, etc. 

(a) Overflows. — The following equation may be used to determine 
the quantity of water which passes over an overflow in one hour : — 

W = *pbhj2gh 3600 x 1000 (180> 

in which 

W — the quantity of water flowing over in litres per hour, 
fi = a coefficient of contraction, which we shall take as 0'6, 
excluding the not very considerable alterations due to- 
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shape and inclination of the edge by selecting an 
average section, 
g = acceleration of gravity = 981 m., 
h = the head in metres, 
b = the width of the overflow (sill) in metres. 
If the constants in equation (180) be replaced by their numerical 
values we obtain 

W- 6,400,000 b v/P(approx.) .... (181) 
By means of this equation the necessary dimensions may be 
calculated for any case, but in order to avoid this calculation the 
quantities of water, W, in cub. m. per hour which pass over sills of 
b - 05-5 m. in width, with heads, h, of 0005-0-050 m., are given 
in Table 43. 




Fin. 16. 



Example. — If the width of the edge of the overflow (i.e., the length of the 
sill) be 6 = 3 m., the head h = 0-020 m., then the quantity of water flowing per 

W = 6.400,000 VjO-CS)* = 54,240 litres. 
(b) Sieves. — The quantity of water, in litres, which flows in one 
hour through a hole of diameter d decimetres in the bottom of a 
vessel, in which the water stands at the constant height, h, without 
regard to all the contractions which diminish the rate of flow, is 



W = 10 -j- V%5 3600 litres (183) 
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The quantity of water, in cub. m., which flows in one hour over 
sills 0-5-6 m. wide, with heads of 5-50 mm. 



Width of 




Head 


h, in mi 




















overflow, 

0. 


s 


10 19 


20 


25 


30 


40 


00 




Quantity of water flow: 


ng over, 


n cub. m 


per hour. 


0'5 


1-1 


3-2 


6-3 


90 


12-6 


16-6 


25-6 


35-6 


0-6 


1-3 


3-8 


7-6 


10-8 


15-2 


19-9 


30-7 


42-7 


0-7 


1-5 


4-4 


8-8 


12-7 


17-7 


23-2 


35-8 


49-8 


0-8 


17 


5-2 


10-1 


14-5 


20-3 


26-6 


41-0 


57-0 


0-9 


2-0 


5-7 


11-4 


16-3 


22-8 


29-9 


461 


64-1 


10 


2-2 


6-4 


12-6 


18-1 


25-3 


33-2 


51-2 


71-2 


11 


2-4 


7-0 


13-9 


19-9 


27-9 


36-5 


56 3 


78-4 


1-2 


2-6 


7-6 


15-2 


21-7 


30-4 


39-9 


61-fi 


85-5 


IS 


2-9 


8-3 


16-4 


23-5 


32-9 


43-2 


66 7 


92-6 


1-4 


3-1 


8-9 


17-7 


25-4 


35-5 


46-5 


717 


98-7 


1-5 


3-3 


9-6 


190 


27-2 


380 


49-8 


76-8 


106-9 


1-6 


3-5 


10-5 


20-2 


29-0 


40 6 


53-2 


820 


1140 


1-7 


3-7 


10-8 


21-5 


30-8 


431 


56-5 


871 


1211 


1-8 


40 


11-5 


22-8 


32-6 


45-6 


59-8 


92*2 


128-3 


1-9 


4-2 


121 


240 


34-4 


48-2 


631 


974 


135-4 


2-0 


4-4 


12-8 


25-3 


362 


50-7 


665 


102-5 


142-5 


21 


4-6 


13-4 


26-6 


381 


53-2 


69-8 


107-6 


149-6 


2-2 


4-9 


14-1 


27-8 


39-9 


55-8 


731 


112-7 


1568 


2-3 


51 


147 


291 


41-7 


58-3 


76-5 


117-9 


1639 


2-4 


5-3 


15-3 


30-4 


43-5 


60-9 


79-8 


123-0 


1710 


2-5 


5-5 


16-0 


31-6 


45-3 


63-4 


82-5 


1281 


178-2 


2-6 


5-8 


16-6 


329 


471 


65-9 


85-2 


1333 


185-3 


2-7 


6-0 


17-3 


34-2 


48-1 


68-5 


89-2 


1384 


191-4 


2-8 


6-2 


179 


35-4 


49-2 


71-0 


931 


143-5 


199-5 


2-9 


6-4 


18-5 


36-7 


52-6 


73-6 


96-4 


148-6 


2057 


3-0 


6-6 


19-2 


380 


54-2 


761 


99-7 


153-7 


213-8 


31 


6-9 


201 


39-2 


56-2 


78-6 


1031 


158-9 


220-9 


3-2 


7-1 


21-0 


40-5 


580 


81-2 


106-4 


1640 


228-0 


3-3 


7-3 


211 


42-6 


59-8 


83-7 


109-7 


1691 


235-2 


3-4 


7-5 


21-6 


430 


60-8 


86-2 


1130 


174 2 


242-3 


3-5 


7-8 


22-4 


44-3 


63-5 


88-8 


116-4 


179-4 


249-4 


3-6 


8-0 


230 


45-6 


65-3 


91-3 


119-7 


184-5 


256-6 


3-7 


8-2 


23-7 


46-8 


67-1 


93-9 


1230 


189-6 


263-7 
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Table 43 — (continued). 



Width of 

overflow, 

b. 

m. 


Head, h, in mm. 


! I j i ' 
5 | 10 ' 15 ! 20 i 25 ' 30 ! 40 i 50 

! , ! : 


Quantity of water flowing over, in cub. m. per hour. 


3*8 
3*9 
40 
41 
4*2 
4*3 
4*4 
4*5 
4*6 
4*7 
4*8 
4*9 
50 


8*4 24*3 481 68*9 ' 96*4 ! 126*3 ! 194*8 | 270*8 

8*7 ; 24*9 . 49*4 70*7 98*9 : 129*6 ! 199*9 ! 277*9 

8*9 ! 25*6 50*6 72*5 101*5 i 133*0 ' 2050 ! 2851 

91 i 26*2 ] 51*9 74*3 1040 i 136*3 1 2101 1 292*2 

9*3 ' 26*9 53*2 76*2 , 106*5 : 139*6 215*3 . 299*3 

9*5 ! 27*5 54*4 780 1091 1430 ' 220*4 | 306*5 

9*8 281 55*7 79*8 111*6 146*3 , 225*5 , 313*6 

100 ' 28*8 570 81*6 1141 ] 149*6 ] 230*6 ' 320*7 

10*2 29*4 ' 58*2 83*4 ' 116*7 j 1530 235*8 ' 327*8 

10*4 301 59*5 85*2 119*2 156*3 240*9 ' 3350 

10*7 30*7 60*8 870 121*8 159*6 2460 ' 3421 

10*9 31*3 621 88*9 124*3 162*3 ' 2511 ; 348*2 

111 320 63*3 90*7 126*9 1651 256*3 3564 



This theoretical amount of flow is, however, diminished by the 
shape of the opening, the form of the edges of the orifice, the 
roughness of the walls of the hole and the thickness of the bottom, to 
such an extent that in reality only a fraction of the theoretical quantity 
of water can flow through the hole. The holes to be considered here 
are such as are bored without any great care in the sieve-plate. The 
amount of flow is also affected in high degree by the violent motion in 
which the water is kept, before its escape, by the supply of fresh water 
falling into the sieve. 

Thus since it cannot be assumed that the quantities of water, even 
when calculated by well-known formulae with regard to the contractions 
are realised in practice, we have determined by direct observation the 
quantities of water which flow through holes of 3, 4, 5, 6, 7 and 8 
mm. in diameter from vessels which are kept constantly tilled with 
water to heights of 10, 15, 30, 40, 50 and 200 mm. It was found 
that the real amounts of flow were very different in each case from 
those calculated without regard to all the disturbing influences — to 
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Table 44. 



he volume of water, in litres, which runs from a sprinkler in one 
hour through holes 2-10 mm. in diameter, with the water at 
heights of h = 10-200 mm. (Taken at 15 per cent, less than 
the calculated.) 

he number of holes of 2-10 mm. diameter required to pass 4-300 
cub. m. of water per hour, when h = 10 mm. 





Diameter of the holes in mm. 
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I 8 
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h. 


(*) 


The volume of w 


ater, in litres, flowing 


through 


i one hole 


t. 








in one hour. 
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1764 


1126 ; 786 


576 


441 


348 


282 
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Table 44 — (continued). 



Hourly 


Diameter of the holes in mm. 1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


flow of 




















water. 






(b) The necessary number of holes, n, when the water stands 




at the height, h = 10 mm. 


cub. m. 
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16840 


8456 


4704 


3008 
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928 


752 
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3199 


2594 


300 


63160 


31710 


17640 


11278 


7954 


5770 


4404 


3490 


2830 



such an extent that they were 1-30 per cent. less. The mean 
difference in the flow from that calculated without regard to the 
contraction was 8*3 per cent. less. 

In Table 44 are given the probable amounts of flow, as shown by 
the experiments, through holes of 2-10 mm. diameter in one hour, 
when the water stands upon the sieve at heights of 10-200 mm. 

Since it is always known how much water per hour is to be 
sprayed into the condenser, the number of holes required in the 
sieve can be at once calculated by the aid of this table. The sieve 
naturally passes the* more water, the greater the height at which it 
stands on the sieve, so that the height of the water itself regulates 
the varying supplies of water required in working every condenser. 

Table 44 also gives the number of holes, n, of 2-10 mm. diameter, 
necessary to transmit 4-300 cub. m. of water per hour, when the water 
stands at a height of 10 mm. If the water stands at any other height, 
h a , in metres, the necessary number of holes in the sieve is then 

^^ 0ln (183) 



n a = n 



Jh 



A. 
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Accordingly, if n holes are necessary to pass a certain volume of 
water, when the height of the water is 10 mm., the number of holes, 
n„, required to pass the same quantity of water, when it stands at 
some other height, h„ is 

fc« - 15 30 40 50 200 mm, 

it. = 0-82n 0-58n 05n 0-447* 0-224* 

6. The Diameter of the Steam Pipe. 

The weight of steam, D, to be condensed in a certain time is known 
in each case, as also the desired vacuum. The diameter of the pipe-, 
conveying the steam can therefore be found from Table 32 (Chapter- 
XVII.). It is there assumed, iu calculating the bore of the pipe, that , 
it is 20 m. long, and that the loss of pressure is 05 per cent. If the 
pipe leading from the evaporator to the condenser has another length, 
/., the weight of steam passing with 0'5 per cent, loss of pressure is . 

obtained by multiplying that given in Table 32 by */— . If a greater 

loss of pressure is allowed in order that a narrower pipe may be used, 
the weight of steam passing through the pipe with z. per cent, loss of 

pressure is obtained by multiplying that given in Table 32 by *J^- 

For another length, l.„ and another loss of pressure, z„, the weight 
of steam passing through the pipe in one hour is obtained by multU 

plying the weight in Table 32 by A/40y. 

Example. — Through a pipe 20 m. long and 200 mm. in diameter, at a racuam 
of 750 mm., and with 05 per cent, loss of pressure. 124 kilos, ol steam pass in one- 
hour. Through a similar pipe, I„ = SO in. long, and With S per cent, loss of 
pressure allowed, pass 

= 318*47 kilos, of steam. 



7. The Diameter of the Air Pipe. 

The diameter of the pipe leading from the condenser to the air- 
pump is determined by the hourly weight of air to be exhausted, which 
we assume (somewhat extravagantly, see Chapter XXIII.) to be 02& 
15 
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kilo, per 1000 kilos, of injected water. Table 35 gives the weight of 
air passed through pipes of various diameters, 20 m. long, with 05 
per cent, loss of pressure, in one hour. For any other length, /., and 
another loss of pressure, z mf the weights given in Table 35 are to be 

V40i~ 
-T- 5 in order to obtain the weights of air conveyed] 

under these conditions. 



8. The Heating of the Injected Water. 

The injected water is heated through the medium of its surface by 
the steam, with which it comes into direct contact. The greater the 
surface of a quantity of water in proportion to its volume, the more 
rapidly will it be heated by the surrounding steam. With regard to 
this point, the division of the water in the jet-condenser may be effected 
in four different ways : — 

The cooling water may flow over surfaces across which passes the 

steam to be condensed. 
It may fall down in plane or curved sheets, which are in contact 

with the steam on both sides. 
It may fall in jets into the steam in the condenser. 
It may be sprinkled into the condenser in the form of drops. 

The ratio of the surface of the water to its volume depends on the 
thickness of the sheets of flowing or failing water and on the diameter 
of the jets or drops. The following short Table 45 has been arranged 
in order to form an idea of these conditions. The ratio is given of the 
surface (o) in sq. mm. to the volume in cub. mm. (*) for thicknesses (8) 
or diameters (8) of 2-10 mm. 

Of the conditions considered here, assumed by the water in the 

condenser, the ratio of the surface to the volume ( — J is the least in 

the case of water flowing over surfaces and the greatest in the case 
of spherical drops. Thus water divided into drops will ceteris paribus 
most rapidly acquire the temperature of the surrounding steam in a 
condenser. Regarded from this point of view, it would be best to 
spray the water into the condenser in the smallest drops possible ; but 
this is not easily effected, since it is difficult to divide water up into 
uniform drops. 
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Table 45. 
The surface and volume, and their ratio, of flowing and falling 
sheets, jets and drops of water. 



Thickness or din- 
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6 


6 | 7 : 8 9 10 


Surface of sphere o 
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2327 


60-2 


78-5 


113-08 153-92 201-04 2M 47 314 If 


Volume o( sphere i 


4-1887 
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2 
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8 
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1 


1-25 


1*6 


1-75 


. 
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2-5 


"- - " i 


0-333 


0-50 


0.666 


0-833 


'. 


1-17 


1-333 


1-5 


1-666 
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All methods of distributing water are employed in condensers; 
thus it is important to consider each, and to see what time each re- 
quires in order that the injected water may be heated from its original 
low temperature to the desired higher temperature. 

In most cases heat is transferred to liquids by means of movements, 
circulations and currents, naturally or artificially produced in them; 
but in this case, in which the water falls free, such movements cannot 
be assumed, since, apart from the friction exerted by the steam on its 
surface, and the motions due to the vibrating opening of the orifices, 
only gravity acts upon the particles of water. This force, on account 
of the complete uniformity of its action on all parts, cannot cause 
internal movements. Thus the heat is transferred from the exterior 
to the interior of the masses of water principally by conduction. 

The conductivity of water for heat is very low. According to 

several concordant researches its coefficient, A. = 0*093 gram-calories 

(i.e., per 1 sq. cm., 1 minute, 10 mm. thickness of the water layer and 

1° C. difference in temperature on the two sides of the mass of water) or 

x 0093 x 10,000 x 10 . 

A = a~ — fnjv) = 0155 calories (*.c, per 1 sq. m., 1 second, 

1 mm. thickness and 1° difference in temperature) ; or in other words, 
through a layer of w r ater 1 sq. m. in surface and 1 mm. thick, the two 
surfaces of which are kept constantly at a difference in temperature of 
1° C, 0*155 calories pass in 1 second. 

It will further be assumed that the quantity of heat passing 
through a layer of water in the condition of equilibrium is directly 
proportional to the section (Q in sq. m.), the time (z, in seconds), the 
constant difference of temperature ($, t in ° C), and inversely pro- 
portional to the thickness of the layer of water to be penetrated (rj in 
mm.). Thus in the condition of equilibrium 

C - ^^ calories (184) 

However, in warming water, which is falling in a condenser in the 
form of sheets, jets or drops, we have not to do with a condition of 
equilibrium, but with the initial period of the heating, in which the 
heat penetrates the water from outside by conduction. In this period 
it is true that the temperature difference between the steam and the 
last layer just reached by the heat wave is constant = m , but the 
resistance, which the thickness of the sheet of water opposes to the 
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penetration of the heat, is zero at the commencement of the heating 
(at the surface) and increases with the depth, n, to which the heat has 
penetrated. The thickness of the sheet of water is on the average 

only T The quantity of heat, which all the more or less heated 
layers together have taken up, is equal to the weight of these Livers 
multiplied by the average increase in temperature of all layers (if 

The equation for the initial period of the heating has thus the 
following form : — 

a-** . .- {m 



Now the heat does not advance from the surface into the iuterior 
in such a manner that the thin layer first in contact with the steam 
completely acquires its temperature, and then a second, third, etc., 
acquire the same temperature. The process is that the layer of 
contact first acquires a small increase in temperature, which gradually 
rises, but during this rise in temperature the first layer is already 
communicating heat to the second, this to the third, and so ou. 
Whilst the heat advances in succession from one layer to the following 
colder layers, the already heated layers are becoming hotter and hotter 
at the same time. The law is: As the distance from the surface of 
contact {between the two substances which are becoming equal in 
temperature) increases in arithmetical progression, the temperature 
decreases in geometrical progression. 

The decrease in temperature from layer to layer follows the same 
law as the decrease in the temperature difference from moment to 
moment in heating by steam, as explained in Chapter I. 

At the commencement of heating water by conduction, after the 
layer of contact has almost attained the temperature of the steam, the 
temperatures of the following layers increase at first rapidly, then very 
slowly. 

The average rise in temperature of the mass of the water at the 
commencement of heating may be determined, as in Chapter I., by 
equation (8), but it may also be found in a finite manner, with tolerable 
accuracy, just as the mean temperature difference was there found. 

If the whole difference in temperature between steam and water 
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at first be a , then, after a certain time, when the heat has penetrated 
the water to some distance, and assuming that the sections of the 
layers remain of equal size, the difference in temperature 

Between the steam and the first layer = x$ m . 

first and second layers = x(0„ - x0„) = x$ m (l - x). 
second and third layers = x[(0. - x0„) - xBJl - x)|. 

= x0.(l - x)*. 
last but one and the 

last layer = x0.(l - x)"" 1 . 

If, as in Chapter I., we represent by e the difference in tempera- 
ture between the last, or nth, layer, which is just warmed, and the 
first layer, which is not warmed at all, then from the above considera- 
tions, just as before, 

# — 

x = 1 - ■ /'*♦ 



»» 
»? 

»» 



Ve (186) 



We may now, just as before with the differences in temperature, 
sum the increases in temperature of the single layers, and divide by the 
number of layers, in order to obtain the average increase in temperature. 
The increases in temperature of the single layers are : — 

Of the first layer a . 

second layer - 0., - xO m = 0„(1 - x). 

third ', - 4,(1 - x)*. 

wth „ - ft^ 1 " *)"~ ! - 

The sum 

S. - e m \l + (1 - x) + (1 - *)* + (1 - x) 3 + . . . + (1 - xf- l \. 
Thus the mean increase in temperature of the water is 

t. m - ^-^ (187) 



»» 

»» 
»» 



• - \ !) 



If we now express, as before, $. as a fraction of ft,, then -^ is always 

a proper fraction. The value of jr must, in fact, with an infinite 

number of layers, almost become zero. We assume its value, on 
account of the finite nature of our calculation, as in Chapter I., to be 
0*01 = 1 per cent. The inaccuracy is not of much importance. 
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The average, or mean, increase in temperature, t, m , of the 100 
ideal parallel and equal layers in the sheet of water is, assuming that 
the whole difference in temperature at the beginning is 0. and at the 
end is 6, - 0-010., according to Table 1, *„ = 0-215*.. 

The quantity of heat which the water has absorbed, when it is 
heated to the depth, ij, in mm., is therefore 

C = 0-2150.©, (188) 

Now, in order to obtain an expression for the time, t„ during 
which the quantity of heat, 0, has penetrated through the surface (or 
section), Q, at the constant difference in temperature, 0„, into a sheet 
of water to the depth, 17, the expressions (185) and (188) are put equal 
to one another. We obtain 

S0£*A = 0-2l5e.Qrj (189) 

2A*,= 0-215y; 
or, since A = 0155, 

*, = 0-694V (190) 

-* '-V5s < i9i > 

Equation (190) gives the time, z„ in seconds, in which a sheet of 
water, ij mm. thick, heated by steam on one side, acquires the 
temperature of the steam on the heated side and is just beginning 
to get warmer on the other side. 

From equation (191) the thickness, tj, of the sheet which is heated in 
this manner in the time, z„ may be calculated. It is seen very plainly 
from equations (190) and (191) that the steam rapidly heats the 
external layers of the water with which it is in contact, and that the 
heat then proceeds only slowly (at a speed inversely as the square of 
the thickness) into the interior of the body of water. 

The principal quantity of heat, which is conducted in a definite 
time into the water, remains in and near the outer layers. Little 
heat is transmitted to the interior, and this little only after the lapse 
of time, 

From these considerations follow the conditions for a rapid heating 
of water to a high temperature by direct contact with steam : — 

1. The surface of the water must be very great. 

2. The surface must rapidly change. 

3. The period of contact between steam and water must be as long 

as possible. 
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In order to express these statements precisely in figures, Table 46 
is added. It gives the depth in mm. to which the heat penetrates in 
0*1-1*2 seconds into a sheet of water in contact with steam on one 
side, the number of calories which are taken up in this time, and to 
what fraction of the total difference in temperature, a , the total 
quantity of water, 1-7 mm. thick, would be heated if the heat were 
supposed to be uniformly distributed throughout. These values are 
given for sheets, jets and spheres. 

It is clearly seen from Table 46, that the quantity of heat which 
enters in no way increases proportionately with the time, but that 
much more heat is taken up by the water at the first contact than 
later. 

If the heat has entered a sheet of water from one surface and has 
warmed it (decreasingly) only to the depth, 17, of the whole thickness, 
$, then, as we have seen, the quantity of heat which has entered is as 
great as if the volume, Qrj, of a portion of the sheet had received the 
increase in temperature, O*2150 a , or as if the whole sheet of thick- 
ness, 8, had attained the increase in temperature of 

t v - | O*2150 rt in ° C (192) 

In a jet (cylinder) of diameter, 8, which is heated from its surface, 
the heat spreads as in a sheet. But since the volumes of the 
cylindrical layers decrease from outside inwards, and also the 
temperatures of the layers, we obtain the following equation, if t €c be 
the hypothetical increase' in temperature of the whole jet : — 

t (c ^ = 0*215^(8 - 2 x 0*2i7)tt .... (193) 

or ^ = 0*86^(8 - 0*4^) 

o 

In drops (spheres) something similar takes place. The average 
increase in temperature, t (ki is found by multiplying the volume of 
the heated hollow sphere by its mean increase in temperature and 
dividing by the volume of the whole drop. The volume heated is 
equal to the section of the diagram of the heated hollow sphere 
multiplied by the surface of that sphere, which contains the centre of 
gravity of this diagram. 

ttk T = ' 215$ Jl(& - 2 x 0-2^-Tr .... (195) 
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l u ?-6x 0-215^(8 - 2 x 0-2*,y 

(.■■^-WW 096) 

Tabic 46 gives, in column 3, the depth, ij, to which, according to 
quation (191), the heat would penetrate in z, — 0*1-1-2 seconds into 
sheet of water wanned on one side, and in column 4 the quantity of 
eat in calories which enters in this time through 1 sq. m. of the water 
urface with a temperature difference of $, = 1° C. Columns 6-12 
ive, for sheets of water, jets and drops of 8 = 1-7 mm. thickness or 
iameter respectively, the mean increase in temperature of the whole 
mss in the times given, for each 1° difference in temperature. 

It is clearly seen from this Table 46 that the greatest transference 
f heat takes place at the moment of contact of water and steam, and 
hat it then becomes much slower, since the difficulty experienced by 
he heat in entering the water increases with the depth. 

It is not maintained that this method of consideration, and the 
onclusions drawn therefrom, lead to infallible figures to be at once 
pplied in construction. They appear, however, to approach very 
.early to the truth and to give very valuable indications. 

9. The Volumes occupied by 1 kilo, of Air at Various Pressures 

below 1 Atmo&plicrc and at Various Temperatures. 
In determining the dimensions of condenser and air-pump, it is 
lecessary to know the volume occupied by 1 kilo, of air under 
limimshed pressure and at various temperatures. Table 47 gives 
hese volumes for most ordinary cases. It has been calculated in the 
ollowing manner : — 

Let y, = the weight of 1 cub. m. of air in kilos., 
a, — the volume of 1 kilo, of air in cub. m., 
t, = the temperature of the air in ° C., 
T = the absolute temperature, 

— + t,, in which a is the coefficient of expansion of air. 
According to Dronke, for air under very low pres- 
sures - = 274-6. Therefore T= 274-6 + t„ 

p = the mean atmospheric pressure = 10,336 kilos, persq. m., 
when the barometer stands at 760 mm., 

R = a constant, which for air is 29-27. 
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Table 46. 
Tbe heating of sheets, jets and drops of water by direct contact w 

steam. 
The depth, tj, to which the heat penetrates in the time, z, (column 
The fraction of the original difference in temperature, through whi 

the whole mass of the water is warmed in the times, *, — 0\- 

Beconds ((„#, for 6. = 1). 
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— ; 0-2610-1840-1420-1150091 
— 0*3340-25101960*1.570*139 


3-40 


785 


0-756 


0164 


S 
J 


0*164'0-082 0-055 0-041 0*033 0*028 
— 0-276O-1950-150O-1200-1O4 


3-45 


993 


0-808 


0*173 


D 
S 
J 
D 


— 0-351 0-2650-2060-166 0-147 
0-173 0*087 0058 0-044 0-035 0-029 

— ! 0-2930-2200-1600-1350110 

— O-36002760-217O-1760-156 


3-50 


1226 


0-848 


0183 


S 
J 
D 


0*183 '0-092 0-061 0-046 0-037 0-031 
— 0-3140-2220-1750-1400-118 
— - ,0*3750-2880-2270-1840-163 
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Table 46 — (continued). 









s .sa« 
'fcl 

ins 




Tin 


-kaeaa or diameter, t, in mm., of the 




a. a 


= ■- 5 "'- 


5- 5" 




sheets, jets or drops. 


g» 


1 


2 3 4 6 6 7 




Mean increase in temperature, (,*,. of the 










i&s 




mass of water for ft. ■ I. 



















1766 


0-930 


0200 


S 
J 

5 


0-200 


It'll 
0-100 0-0670-0500-0400-0340-029 

0-325'0-233'0-1820-150:0-125 l 0-108 

0396 0-3080-244 0-2000-1760-Ua 


t» 


2403 


1-0 


0-217 


s 
J 

D 


I'lil', 


0-109 0*073 0-055 0-044 0-037O-031 
0-344 0-248 0-194 0-158 0134O-116 
0-4120-314 0-259 0-2120-188O-152 


■80 


3139 


1-070 


0-231 


S 

J 
D 


z 


0- 116 0-077 -058 0-046 -039 0-033 

— '0-263.01990-1700-140P-123 

— p-3380-2720-2230-1990-161 


■yo 


3971 


111 


0-245 


S 
J 
D 




0-I23O0S2 0-002 0-049 0-0410-035 

— p-2770-216'0-177'0-15lp-135 

— p-3ol'0-286 l O-234'0-210p-170 


-0 


4905 


1-20 


0-259 


S 
J 
D 


. . 


0-12900860 065 0052 0-043 p 037 

— 0-2900-227'0-1900-160|0-137 

— 0-364 0-2990-245O-219O-178 


■l 


5935 


1*26 


0-271 


S 
J 
D 


= 


0-136 0090 0-O68'o-054O-045 0-039 

— i0-3040-24001990-170'0147 

— 0-374 0-306 O-2540-228O-187 


■2 


6953 


I-3I5 


0-283 


S 
J 
D 


- 


0-142p-091 0-071;0-0570-0460-041 

— 0-311 0-2450-2010-1710-150 

— 0-3840*314 2ti3 02360-192 

1 III 



Then the law is 

f -B (197) 

The volume of 1 kilo, of air at the pressure, p, and the tempera- 
ture, t„ is therefore 

„ _ 1 _ 39-37(274-6 + I,) 
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Table 47. 
"The volumes, in cub. m., of 1 kilo, of air, at absolute pressures of b = 

temperatures 



Vacuum. 



75739 



755 



753 



750 748 745 743 740 735 ; 730 , 725 



CD 
U 

a 
t 

a 

s 

<D 



Absolute pressure, b. 



2-61 



10 ! 12 | 15 i 17 , 20 ' 25 



30 ! 35 



Volumes, a*, in cub. m., of 1 kilo, of air. 



5170-3512016 
10 174-46 122-31 
15 178-58 124-45 
20182-69126-60 
25 186-81 128-74 
30 190-93 130-91 



85-53 60-08;5007i4006 3534 3005 2402 2002 1716 
87-37-611650-97i40-7935-97'30-58 24-4620-39 17-47 
88-90 62-23 ; 51-86i41-51 36-60 3111 24-8820-47 1777 
90-44'63-31'52-76 i 42-2537-24 31-66 25-31 2110 1809 
91-97I64-3853-65 42-97 3787 32-20 257321-45 1839 
93-51 65-45;54-5543-70 38-50 32-73 26-16 21-81 18-70 



19504 13306 950466-52 55-44.44-42 391433-27 26*58 ! 2216 1900 
19916135-21 96-58 67-60>56-34 4514 39-77,33-80 2702|22-53 19-31 
203-27 137-36 9811'68-67-57-24J45-87 4040 34*34 27*44 22-88 19-61 
207-39139-51 99-65.69-755813 l 46-60 4103 34-88 27-87J23-25 1993 
211-51 141-67 101-67i70-81 5902 47-3241-6735-4228-29 2360 20-23 



4805 42-30 35-92 28-75,23*96 2054 



When the barometer is at b mm. of mercury, the absolute pressure 
•on 1 sq. m. is 

10,3366 



P 



760 



(199) 



Thus the volume of 1 kilo, of air is 

2-149(27 4-6 4- t t ) 
a, b 



(200) 



Table 47 has been calculated by inserting the various values for 
b and t t . 
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Table 47. 
261-210 mm. of mercury, i.e., at vacua of 75739-550 mm., and at 
from 5°-60" C. 



Vacuum. 


:■: 
=- 

a 

EH 


720 715 . 710 ■ 705 700 . 695 690 685 680 678 | 670 


Absolute pressure, 6. 


40 i 45 50 55 60 67 70 75 30 85 90 


Volumes, <i,, in cub. m., of 1 kilo, of air. 


1 5-01 'l3-34!l 2-00 1092 10-00 


9-27 8-58:801 


7-51 


7'07 


R-fi7 


s 


Io-2913-5912-23'1M.210-1£ 


9-44 8-74 8-15 


7-64 


719 


(rT'.-l 


10 


1555 13-82 12-43;ll-32 10-36 


9-60 8-89 8-29 


7-7H 


7-32 


1 i ■ S-J 1 


18 


15-8214-0612-6511-5110-55 9-77, 9-04 844 


791 


7 44 


r().'( 


20 


160814-2912-85;il-7010'55 9-93 9-20 8-58 


H-(W 


7-57 


7-15 


23 


16 -36)14-54 13 -08 11-90 10-9110-00 9*35 : 8-72 


818 


7-70 


7-27 


30 


16-62 14-77 13-28 12-08 11*08.10-26 950 8-87 


RSI 


7-82 


7-39 


35 


16-8915-01:13-51 12-3011-28 10-43' 9-66 9-04 


8-44 


7-95 


7-ftl 


40 


17-15;15-24 : 13-7112-4811-44'l0-59 9-81 


9-lft 


H-ftH 


H-07 


,-1,'A 


45 


17'43 15-49I13-94 12-6811-63:1076 991 


9-31 


8-77 


H-20 


7'7fi 


50 


17-69 | 15-72 l 14-U|12-8711-79'lO-9210-lS 


9-45 


8-84 


H-B8 


7-H7 


55 


17-97|15-9714-3713-0711-98'll-09 10-27 


y-59 


8-98 


8-46 


7-39 


60 



10. The Time of Fall of the Injected Water. 



In Table 48 are given the distances through which drops of water 
fall in 005-1-7 sees., when gravity alone acts on them, without the 
interference of currents of steam or gas. It is seen that water, when 
it falls free, passes through condensers even 4 m. high in 0*9 sec., and 
remains a still shorter time in lower condensers. 

If the current of steam moves downwards in the same direction as the 
water (wet condensers), the time of fall is somewhat further decreased, 
but if the steam moves upwards against the falling water (dry counter- 
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Table 47 — (continued). 



i 

3 

■*» 

t 

& 

9 

t, 

5 


665 


660 




Vacuum. 


655 


650 645 640 • 635 ' 630 625 620 615 610 




105 


Absolute pressure, b. 


95 


100 


110 115 120 


125 130 135 140 145 150 

i • 


Volumes, a/, in cub. m., of 1 kilo, of air. 


632 601 


572 


5-46 5-22 500 480 462 445 429 414 4 00 


10 


6-44 612 


5825 5-56 532 509 489 470 453 437 4-22 408 


15 


6-55 622 


5-92 


566 5-41 518 497 478 461 444 429 415 


20 


6-67 6-33 


603 


5-75 5-50 5-27 506 487 469 452 436 422 


25 


6-78 6-44 


613 


5-85 5-60 5-36 515 495 4*77 460 444, 429 


30 


6-88 6-546 624 


5-95 5-69 5-45 523 503 485 468 451j 436 


35 


700 6-66 


6-33 


605 5-79 5-54 532 511 493 475 458. 444 


40 


711 6-76 


6-44 


615 5-88 5-63 541 520 501 483 466 451 


45 


722 6-87 


6-54 


6-24 5-97 5-72 550 528 508 490 473 ! 458 


50 


7*34 6-98 


6-65 


6-34 607 5-80 558 536 517 498 480 465 


55 


745 708 


6-75 


6-44 617 589 567 544 524 506 488 472 


60 


757 719 


6-85 


6-53 6 25 5-98 574 553 533 514 4-95 479 

1 i 



current condensers), the time is somewhat longer. In any case large 
drops of water can experience but a slight and insufficient heatiug 
in this short time, as Table 46 shows. Since the distances fallen 
through in the first moments are much smaller than those in the 
Hucceeding moments, steps or catch-plates, placed at short distances 
apart, and continually bringing the water again to rest after brief in- 
tervals of falling, serve to lengthen considerably the time of fall. 

By the aid of the preceding separated considerations of the 
requirements of jet-condensers, we can now determine their prin- 
cipal dimensions for the most usual cases ; this is doue in Tables 49 
and 51. The principles upon which these tables have been calculated 
must first be briefly indicated. 
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Table 47 — (continued). 



Vacuum. 


• 
CD 

3 

S 

E-i 
t, 

s 


605 


600 595 

i 


590 


585 580 575 570 


565 


560 


555 


550 


Absolute pressure, b. 


\ 1 
155 160 165 | 170 


l 

175 , 180 185 

l 1 


190 


195 


200 


205 


210 


Volumes, a,, in cub. m., of 1 kilo, of air. 






i i 

3-871 3-75 1 ; 3*64 353' 343 3*33 324 316 308 


3 00 


2-93 


2-86 


3-94, 3-82! 3-70 360 349 339 330 322 314 

401! 3-89. 3-77, 366 356 3*45, 336, 327 318 

• 


3 06 

310 


2-98 
3 03 


2-91 
2-97 


10 
IS 


408i 3-951 3-83; 372 362 3-52 342 3*33 3-24 


316 


3 08 


301 


20 


4-15 1 402! 390 379 368 3-57 348 339 330 


3-22 


3-14 


306 


25 


4-22 409| 3-97 385 374 363 353; 344 335 

1 1 ! . 


327 


319 


312 


30 


4-29 415 403 391 380 3*69 359 349 340 


3-32 


3-24 


317 


35 


4-36 4-22 409 397 386 375 365 355 3-46 


3-37 


3-29 


3-22 


40 


4-43 ; 4-29 416 404 392 3-81' 370 3*61 352 


3-43 


3-34 


3-27 


45 


4-50 4-36J 4-23. 410 398 387 377, 367, 358 


3-49 


3-40 


3-22 

i 


50 


4-57: 4-42 4-29 416 405 393 382 3*73 363 


3-54 


3-45 


i 3 37 


55 


4-64! 4-49; 4-35 4-23 411 399 388 378 368 


3-60 


3-50 


J3-42 

1 


60 



11. The Dimensions of Wet (Parallel- Current) Jet- Condensers. 

Wet condensers are used with advantage in connection with 
evaporators of small and medium capacity, evaporating 100-3000 
kilos, per hour, for which limits Table 49 has been calculated (Fig. 
14, p. 210). 

The wet parallel-current condenser is a closed vessel, which is 
entered at the top by the steam to be condensed and the cooling 
water, and from which the liquefied vapours, the heated cooling 
water and the uncondensed gases are together exhausted by means 
of a "wet" air-pump. The diameter and height of the condenser 
and the diameter of the pipes, by which the steam and water enter 
and the water leaves, are to be calculated. 
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7 r * . -.[,*/ ■„/ . r* '•;,: '.h '..-*•? >. Vi.\.~A ■•wet."" since it is always 
'■'.r,».' /.-*/) Ai*r, ^ '■'.<• ^.r-f# \.:,.p. i.*>.. an air-pump which e3thausts 

" l;r / " '-/ttitu-uw* nr*-. no r:s%\U:d ^ca;i>e thev are connected with 

;». " 'Iry ;i;r p.#r/.p. *.^., ;i pump which extracts only air. without 

'tuh r 'fit'- f..t<u- y/ntt-r f,i dry coriflen-ers generally passes away 

)rf »»■'. i#v/n -//Hif/l.t fiv rn'^irm of a tjaroruetric column (Fig. 15, see 

'il». ■« ; vii-t.f'iri-i ini p '^0H^. 

A v/i-l. f.'irifli>rm<*.r mIiouM nevor he connected with a dry air-pump. 

.7I1M li ('flfirinl. UtM" t\ic Wil*U' WllUiT. 

ThriltiiHirtrr a/ the utvam pipe leading to the condenser may be found 
l»v in* 11.11M i»f TiiMi- H2, in which i« ^iven the weight of steam passing 
in urn' In mi ihriMi^/h pipe* 2i) m. long with a loss of pressure of 0*5 
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•er cent In settling the conditions for Table 49 we have, however, 
ssumed that the resistance in the pipe between evaporator and cou- 
.enser may take 2 per cent, of the absolute pressure. In this case 
iouble the quantity of steam passes through the same pipe, and for 
he desired capacity the pipe will be narrower and therefore cheaper. 
Phis condition is taken because in reality the assumed high vacuum 
705 mm.) is not always maintained, and since, in order to meet 
luctuations in working, condensers are generally made very large in 
>ro portion to the work required of them. Steam-pipes of very much 
.mailer diameter are frequently found. 

The difference in temperature between steam and cooling water* 
vhen they enter at the top, ranges between about 55°-30" C. 

The temperature difference at the end (bottom) is W-W C, sinoe 
he waste water should never be allowed to become very warm. The 
emperature difference at the bottom accordingly is to that at the top in 
he ratio ^S or j|J}, i.e., at the mean, is about 066 of the difference at 
he top. The cooling water is therefore only heated through about 
i of the original difference in temperature lietween steam and water, 
>r t, = 033ft,, for which the following times are sufficient, according to 
Table 46, for drops of 

S = 1 2 3 4 mm. diameter. 

z, = 01 03 06 11 seconds. 

In-order that the drops may be in the condenser during these 
limes, the following heights of free fall are necessary: — 
h = 49 441 1765 5935 mm, 

When the water is very finely divided, a very Bhort time suffices 
o warm it; for drops of 1-2J mm. diameter, condensers 1000 mm. 
ligh, without steps, are approximately sufficient. Much larger drops 
lannot be sufficiently heated by similar condensers of great height. 
Experience shows that in practice, when the water is well divided, 
jood results are obtained with these dimensions. If thicker masses 
>f water are intended, one step is, in general, sufficient. 

The free section of the wet condenser need not be much greater 
ihan that of the steam pipe, if the latter has the proper dimensions; 
>ut it may be larger without harm, since the velocity of the steam 
liminishes in the condenser, from its entrance downwards, to zero, 
ind is on the average about half as large as at its entrance. 
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The section of the condenser is generally diminished by the pipe 
through which the water is injected, and also hy the jets and drops of 
water. Since the friction of the great number of particles of water 
against the current of steam is not inconsiderable, it is well to enlarge 
the section of the condenser correspondingly, in order to prevent loss 
of pressure. For condensers without steps we adopt a section about 
20 per cent, greater than that of the steam pipe of liberal dimensions. 
If there are one or two steps in the condenser, the section must be at 
least double that of the pipe by which the steam enters. 

The mean pressure, which the current of steam exerts on the falling 
drops in their direction of motion, increasing their acceleration and 
thus decreasing the time during which they are falling through the 
condenser, is calculated only at about one-quarter of that which the 
entrant velocity of the steam would exert ; this is because the drops, 
by their velocity of fall, themselves diminish the influence of this 
pressure. Even if the velocity of the steam on entering the top of 
the condenser were 30 m. per second, it would only slightly shorten 
the time of fall of small drops of 2 mm. diameter, and this all the 
less when the drops, thrown violently about, touch the walls and are 
retarded. 

The internal hei/ht of condensers without steps, from the steam 
•entrance to the water exit, is therefore taken for small apparatus at 
not less than 1000 mm., and somewhat greater for larger apparatus, 
since in the latter the water is not perhaps quite so thoroughly divided. 
This height is also sufficient when one step is introduced. With two 
steps the total height may be 1-25 times as great. 

The diameter of the water-pipe. The limits of the temperature of 
the steam to be condensed are about 40°-45° C, the limits of the initial 
temperature of the injected water are about 8°-25° C. Thus we find 
from Table 41 that the condensation of the steam rarely requires more, 
and generally much less, cooling water than 45 times the weight of 
the steam. 

The water may be conveyed to the condenser from a tank at a more 
or less high level in such a manner that the natural suction of the 
vacuum in the condenser, together with the hydrostatic pressure from 
the condenser to the tank, causes the velocity of the water in the supply 
pipe. The suction of the condenser alone may also draw the water 
direct from a vessel, well or tank at a lower level (Chapter XVIII.). 

In the former case the pressure which moves the water is con- 
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siderable, being equal to the vacuum (measured in metres of water 
column) plus the hydrostatic pressure. In the latter case it is very 
small, being equal to the vacuum minus the distance from the water 
level to the point at which the water enters the condenser. It is not 
advisable to employ a lower pressure than 3 m., since, otherwise, 
variations in the level of the water and in the vacuum may be 
dangerous, although it is always possible to work with a very slight 
excess of pressure, even only 200-300 mm. In that case, however, 
very wide supply pipes must be used, and there arises the danger that 
the supply of water to the condenser may be stopped by any accident. 
With a vacuum of 680 mm. of mercury (9248 m. of water) the greatest 
permissible normal depth of the water level below the water entrance 
into the condenser would be 9'248 - 30 = 6-248 m. 

In Table 49 are given, by the aid of Table 36, the diameters of the 
water supply pipe for the four cases of an excess pressure of 1, 3, 6 
and 9 m., and under the assumption that the largest quantity of water 
mentioned (45 times the weight of the steam) is to be introduced into 
the condenser. 

The spraying of the water in the condenser is generally accomplished 
by means of perforated pipes or plates. The holes in the pipes and 
plates should be small, since the water always passes through them at 
a considerable velocity, on account of the tolerable excess of pressure. 
The number of holes has been calculated for diameters of 2 and 3 mm. 

If the injeetor pipes are vertical and enter from below, too many 
holes are no disadvantage, since, when a number of them remain 
unused, the water is still well divided. 

The injector pipe must be closed at the end in the condenser, so 
that the water may remain in it under at least a part of the excess of 
pressure. The water will then be thrown, with a certain velocity, from 
the small holes on to the condenser wall, where it is broken up into fine 
drops. A portion of the water will doubtless flow down the condenser 
wall, by which its surface is diminished, but since the water flows 
down much more slowly on the wall than when it falls free, the dis- 
advantage of the smaller surface is to a great extent counterbalanced 
by the longer contact with the steam. 

The outlet pipe of the condenser leads directly to the air-pump. It 
must be wide enough to carry off air and water together. The lower 
part of the section of this pipe, which is required for the water, is 
determined on the permissible assumption that it has a velocity of 
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T*f*i* .;■/ . *;r.* v-'w,r. ■•,? ir.-t pipe :cer-= r.-^c. i -.rib* -parLE^y of air is 
A«s\;r\ v, -,r.v- .-,*>v:h*a:"7 ? vr p *r.-* ?ci:er. I*. :.* A»s:i:i:e»i -has l<») Litres 
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*f '.'■ rn»< -rr. ,rr, 'i^w.r.y r,\ w»U:r i=-. aooording to our assumption, 45 x 1000 = 
y.tftt <.\'f*. \**>t tif.tr. Tit': «.«pp!y pir»e must, therefore, by Table 36. be 80 mm. 
iri '\.uti,t- h *'t \',r k ,Mi'jU. *A /f> ui. witri H m. excels of pressure. 

7 t.f.i^i, *. i,t>\t\ 2 tttifi. in Ammeter. 25 litres pass in one hour at 0*5 m. excess- 
pff»3nf<>. *A/',r')iriK to Tubl^ 44, Tho perforated pipe must therefore h&ve, in the: 
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Table 49. 

out steps, for condensing 100-3000 kilos, of steam per hour at a 
705 mm. 



200 


300 


500 


1000 


1600 


2000 


3000 


3000 


4500 


7500 


15000 


22500 


30000 


45000 


9000 


13500 


22500 


45000 


67500 


90000 


135000 


185 


215 


280 


400 


440 


500 


555 


1000 


1200 


1300 


1400 


1500 


1600 


1800 


175 


200 


250 


350 


400 


450 


500 


55 


60 


75 


100 


125 


140 


165 


45 


55 


60 


80 


95 


115 


125 


40 


45 


55 


70 


80 


95 


115 


30 


40 


50 


65 


75 


85 


100 


90 


110 


150 


190 


235 


270 


325 


45 


50 


60 


75 


80 


90 


100 


60 


80 


90 


100 


125 


160 


200 


360 


580 


900 


1800 


2700 


3600 


5400 


160 


250 


400 


780 


1200 


1600 


2400 



present case, — ^r— = 1S00 holes. On account of possible stoppages we take 

2000 holes. 

The injector pipe is taken at 100 mm. diameter. 

4500 x 0*25 
The weight of air to be exhausted in one hour is Trwi = H*25 kilos., 

and at a vacuum of 705 mm., according to Table 35, the air suction pipe (if such 
were used) must have a diameter of 65 mm., i.e., a section of 0*33 sq. dcm. 

The pipe leading from the condenser to the air-pump must have this 
section for the air — 0-33 sq. dcm. — and also that required for the water, which is, 

45 000 
for a velocity of 0-5 m. per second, v£/£\ — « = 2*5 sq. dcm. The connection to 

UoUU X 

the air-pump has therefore a section of 0*33 + 2*5 = 2*S3 sq. dcm., equal to a 
diameter of 190 mm. 
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12. The. Dimensions nf the Dry (Coanter^urrent) Fall -pipe Jet- 

Catuienser. 



The "dry" jet-condensers, which are almost always constructed 
to work with counter-currents, are closed vessels, which the steam 
to be condensed enters at the bottom and the well-sprayed cooling 
water at the top. The heated water flows away spontaneously 
together with the condensed steam by means of a fall-pipe (barometer 
tube) at the bottom, whilst the air and gases are exhausted cold at 
the top. Dry condenser* are often used for small and medium 
capacities, for large almost invariably. Their chief dimensions are 
given in Table 51 for an hourly condensation of 300-12,000 kilos. 
(See Fig. 15, p. 211;. 

If the cooling water has in the condenser a free fall of 

h = 1 2 3 4 5 m. 

its theoretical 

time of fall, z, = 046 064 079 091 1015 seconds. 

In these times a jet of water of thickness 3 mm. takes up such an 
amount of heat (according to Table 46) from the surrounding steam 
that it is heated through the following fractions of the original 
temperature difference, ft, : — 

If a = 1, the heating is 0'460ft, — — — — 

6=2, „ 0-3000,, 0335(9,, — — — 

n - 3 f f , 0225ft, 0225ft, 0247ft, 0278ft, 290ft.; 

o - 1, „ 0163ft, 0188ft„ 0193ft, 0217ft, 0227ft,. 

Kuimple. — U a jet of water of thickness 8 -^ 3 rum., at a temperature of 10° 
C. f'ill« through 4 rn. in Hteam of 55 C, it in heated through (55 - 10) 0-276 = 
12-5 ('., and thu« has finally the temperature 10 + 12-5 = 22*5° C. 

From the above figures it may be gathered that, although the 
increases of temperature just given may not be exact, a condenser, in 
which the water fell straight to the bottom without stops, must be 
very high, and the water very finely divided, if it is to be heated 
nearly to the temperature of the steam. A very fine spray of water 
is not easily obtained and necessitates a slowly rising current of steam. 
Therefore dry condensers without steps must be of great height and 
diameter. 

The water may be made much hotter if it is allowed to fall through 
thr» same total height in several short stages, by each of which it is 



DIMENSIONS OF DRY JET-CONDENSERS. 247 

given a fresh surface. This is made clear by the example below. 
For since the velocity of fall is the least at the beginning, the period 
during which the water is in the condenser increases with the number 
of steps, as also does the number of changes of surface. 

Example. — If a jet of water, 5 = 3 mm. in diameter, at 10° C, falls down five 
steps, of 800 mm. each, through steam at 55° C, the heating is : — 

At the end of the first fall (Table 46) : (55 - 10) 0*200 = 9-0° ; 

the temperature of the jet is then 10 + 9*0 = 19*0°. 
After the second fall : (55 - 19*0) 0200 = 7-2° ; 

the temperature of the jet is then 19*0 + 7*2 = 262°. 
After the third fall : (55 - 262) 0200 = 576° ; 

the temperature of the jet is then 26*2 + 5*76 = 31*96°. 
After the fourth fall : (55 - 31*96) 0*200 = 4*61° ; 

the temperature of the jet is then 31*96 + 4*61 = 36*57°. 
After the fifth fall : (55 - 36*57) 0*200 = 3*69° ; 

the temperature of the jet is then 36*57 + 3*69 = 40*26°. 

In a straight fall without steps the heating would only be through 22*51°. 

The determination of the number and the height of the steps is 
accomplished by the method in the following paragraph, in which it 
is assumed that the temperature of the steam to be condensed remains 
the same from bottom to top of the condenser. This assumption is 
not quite accurate, for the tension in the counter-current condenser 
must be somewhat less at the top than below, because only so would 
there be a current of steam towards the top. The tension at the 
bottom is due almost alone to the steam, at the top to the air almost 
entirely; between the extremes the tension of the air diminishes 
towards the bottom, that of the steam towards the top, consequently 
the temperature of the steam also must diminish towards the top. 
But these differences are not very considerable at the places where 
condensation is still really taking place (which condition we are con- 
sidering here), therefore we neglect them for the sake of simplicity. 
In what follows it is assumed that all the steps are of equal height. 

If the whole temperature difference between steam and cooling 
water be a , and this be diminished below the top step by the fraction, 
a0«> by absorption of heat by the water from the steam, then, of the 
residual difference, $ a - aO a , a fraction, a(0 a - aO a ) = aO tt (l - a), is 
removed below the second step. Below the third step the remaining 
temperature difference, n - a$ a - a0 rt (l - a) = a (l - a) - a0 tt (l - a) 
= O (1 - a) 2 , is diminished by aft,(l - a)-, and by the last (lowest or 
nth) step by the fraction, aO a (l - a) n_1 . 
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The sum of all these intervals of temperature would be, in the 
most favourable case, equal to the whole temperature difference, 0„ 
but is, in reality, only a more or less large part of the whole difference. 
It is naturally endeavoured to make the temperature of the waste 
water approximate as nearly as possible to that of the steam. 

Let p be a percentage and r^ the portion of the original tempera- 
ture difference removed, i.e., the sum of all the separate intervals of 
temperature given above, then 

fob'- = tt * J1 + fl " a) + (I " a) " + (1 "" a)3 + * • * (1 " a) *~ l; ; 

or, summing the geometrical progression, 

-P-fi ■ «*■•'< L" a)n - l J 
100" (1 - a) - 1 

0T ^=l-(l-.ar (201) 

If the increase in temperature of the water, a, in the highest step 
is known, and also the number of steps, then this equation gives the 
fraction of the whole difference in temperature which is removed by 
all the steps, i.e., by how much the temperature of the water 
approaches that of the steam. 

The value of a depends on the time during which the water drops 
are exposed to the action of the steam, which time is obtained directly 
from the height of fall of the drop. 

Table 50 gives, by the aid of equations (110) and (194) and Tables 
46 and 48, figures which show by what fraction the original tempera- 
ture difference, 0„, is diminished in condensers with 1-8 steps of equal 
heights of 200-1000 mm., when the water falls in jets of 2-7 mm. 
thickness. The table shows to what extent the temperature of the 
waste water increases with the smallness of the drops and the number 
and height of the steps. 

In reality there are in the condenser not only jets of every size 
but also drops and sheets of water. A very fine water-dust is formed, 
which is heated, and then unites with the other water, because of the 
currents of steam and the fall, or is earned to the wall. This circum- 
stance, and also the presence of sheets of water moving in the con- 
denser, from which drops are thrown off, in conjunction with the 
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inaccuracy of the formulae which have been given to represent the 
process of heating, often cause the water to be heated to a greater 
•extent in actual practice than would be expected from Table 50. This 
table is to be regarded as giving only a general picture of what occurs, 
without being an exact representation of fact. 

Experience shows that with 5-6 steps, and a total height of 2500- 
•3000 mm., very warm waste water may be obtained, even when the 
water is injected in jets of 5-6 or even 8 mm. diameter. A finer 
«pray of water and more steps improve the action. 

Tlie maximum velocity of the steam at the bottom of a condenser 
without steps should be that velocity which exerts a pressure on a 
falling drop equal to double its weight (Chapter XV.). If there are 
steps in the condenser, the greatest velocity should only be somewhat 
greater than that which exerts a pressure equal to the single weight 
of a drop. 

Thus, according to Table 23, the greatest velocities for steam at 
40° C. (706 mm. vacuum) would be : — 

For drops of diameter 01 0*25 0512345 mm. 
In condensers 

without steps 92 146 206 292 42 505 58*5 653 m. 
In condensers 

with steps 65 103 14*59 206 292 353 42 46*2 m. 

In the author's opinion, founded on observations made on con- 
densers, these calculated velocities are too low. In order to exert 
the pressures mentioned the velocities must be about 1*33-1*5 times as 
great. Also in all condensers it is a question not only of drops, but 
also of jets of water, upon which the current of steam has much less 
Action. The majority of the drops, however small, are heated by the 
-current of steam and then unite with the other water or are thrown 
against the walls and thus prevented from being carried forward. 
Finally, in almost all condensers a portion of the steam (10-15 per 
-cent.) is condensed before it comes to the vertical rise. 

On all these grounds, according to experience, the first and lowest 
contraction of a condenser without steps may have such a section 
that steam of 705 mm. vacuum attains in it a velocity of about 65 m. 
per second. In a condenser with steps the velocity may be 55 m. 
per second. If there is a lower vacuum in the condenser, the volume 
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Table 50. 

The fractions by which the original difference in temperature, 6„ 
between steam and water is diminished in dry counter-current 
condensers with 1-8 steps, each 200-1000 mm. in height. The 
water is in jets of 8 = 2-7 mm. diameter. 

(t t 6„ when 6 a = 1.) 



Number 
>-i » of equal 
steps. 


g ' Height of 
O 1 each step. 


Time of fall 
. N through 
one step. 


• 

** S 

■Cog 

'S - a 
E^ 8 

200 


Diameter of the water jets, 5, in mm. 


2 


8 


4 


5 


6 


7 


020 


0205 


0142 


0109 


0-088 


0074 


0064 


2 


»> 


»> 


400 


0368 


0-264 


0199 


0158 


0143 


0124 


3 


n 


»» 


600 


0-498 


0-368 


0-293 


0-229 


0-220 


0178 


4 


>» 


»> 


800 


0-600 


0-459 


0-359 


0-293 


0-266 


0-233 


6 


»> 


>» 


1200 


0-748 


0-600 


0-500 


0-408 


0-378 


0-324 


8 


>> 


»> 


1600 


0841 


0-706 


0-580 


0-500 


0-462 


0-418 


1 


300 


025 


300 


0-225 


0150 


0120 


0097 


0-082 


0071 


2 


»> 


»> 


600 


0-400 


0-298 


0-242 


0185 


0-157 


0137 


3 


»» 


»» 


900 


0-535 


0-386 


0-340 


0-264 


0-227 


0198 


4 


» » 


> » 


1200 


0-630 


0-479 


0-427 


0-336 


0-290 


0-245 


6 


>> 


»> 


1800 


0-784 


0-623 


0-564 


0-460 


0-403 


0-357 


8 


»> 


♦» 


2400 


0-871 


0-730 


0-672 


0-559 


0-496 


0-445 


1 


400 


0285 


400 


0-240 


0-156 


0129 


0104 


0-088 


0076 


2 


»» 


» > 


800 


0-423 


0-288 


0-242 


0198 


0168 


0146 


3 


>» 


>» 


1200 


0-562 


0-388 


0-340 


0-281 


0-242 


0-211 


4 


» > 


»> 


1600 


0*668 


0-493 


0-426 


0-357 


0-308 ! 0-271 


6 


»> 


>> 


2400 


0-808 


0-695 


0-565 


0-483 


0-426 | 0-378 


8 


>» 


»» 


3200 


0-890 


0-743 


0-671 


0-587 


0-521 0-469 


1 


600 


0-35 


600 


0-261 


0184 


0142 


0-115 


0091 


0083 


2 


»» 


>> 


1200 


0-436 


0-335 


0-264 


0-237 


0174 i 0159 


3 


> > 


»» 


1800 


0-596 


0-457 


0-369 


0-307 


0-249 ! 0-229 


4 


>> 


>> 


2400 


0-682 


0-558 


0-458 


0-387 


0-318 


0-293 


6 


»> 


»» 


3600 


0-837 


0-705 


0-602 


0-590 


0-436 0-406 


8 


>> 


> > 


4800 


0-899 


0-805 


0-706 


0-624 


0-535 


0-500 


1 


800 


041 


800 


0-277 


0196 


0151 


0121 


0105 0091 


2 


> > 


> » 


1600 


0-476 


0-352 


0-279 


0-229 


0199 


0174 


3 


>» 


»> 


2400 


0-622 


0-481 


0-388 


0-321 


0-283 


0-249 


4 


»> 


»> 


3200 


0-727 


0-580 


0-480 


0-404 


0-358 


0-318 


6 


»» 


»> 


4800 


0-857 


0-731 


0-625 


0-531 


0-456 


0-425 


8 


>> 


»> 


6400 


0-927 


0-824 


0-730 


0-645 


0-588 


0-534 
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Table 50 — (continued). 
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If 
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til 


Diameter of the water jets, J, in mm. 








I 


MS 

moo 


S3 o 


ED'S 8 


2 


S 


4 


5 


6 


7 


n-4fi 


1000 


0-294 


0-221 


0161 


0136 


0116 


0096 


2 






2000 


0-502 


0-393 


0-297 


0-254 


0-200 


0-183 


3 






3000 


0-661 


0-527 


0410 


0-355 


0-297 


0-262 


4 






4000 


0752 


0-632 


0-505 


0-443 


0-376 


0-333 


6 






6000 


0-878 


0-776 


0*652 


0-584 


0-505 


0-455 


8 






8000 


0-939 


0-865 


0-756 


0691 


0-611 


0-555 



of the steam will be lower, and the velocity, and hence also the 
danger of carrying drops away with the steam, less. 

Since about 10 per cent, of the steam to be condensed is already 
liquefied before it enters the lowest narrow section, this section may 
be based upon a velocity of 70 m. for the whole quantity of steam. 

1 kilo, of steam at a vacuum of 705 mm. has a volume of 19,500 
litres, therefore 1000 kilos, of steam at 70 m. velocity require, without 
steps, a section of 

19500 x 1000 „ - , , , 

3600 x 700 " 7 ' 5 8q ' d ° m - < a PP rox ->- 

In condensers with steps the velocity may reach 55 m., therefore 
1000 kilos, of steam at 705 mm. vacuum require a section of 



19500_xJ000 
3600 x 550" = 



10 sq. dcm. (approx.). 



Since, however, only half the section of a condenser is left free 
for the passage of steam by reason of the inserted plates, sieves 
and divisions, the whole section of the condenser without steps 
should be 15 sq. dcm. for 1000 kilos, of steam, and the section of 
the condenser with steps 20 sq. dcm., from which the diameter may 
be obtained. 

For the smaller capacities, to condense 1000-2000 kilos, per hour, 
the diameters, as determined by this rule, must be somewhat in- 
creased, in order to allow for the greater friction, the i 
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Table 51. 

The dimensions of (dry counter-current) fall-pipe jet-condensers, wiib 

at a vacuum 



Steam to be condensed in one hour in kilos. 



The necessary quantity ( Weight of steam x 10, litres 
of cooling water \ Weight of steam x 40, litres 



. , . i Diameter - 
without Height measure< i to the 

\ sieve - 

.,, j Diameter ... 

Wlin - Height measured to the 

\ sieve ... 

of the steam inlet, for 705 mm. vacuum, 2 

per cent, loss of pressure - 
of the water inlet with a head of 3 m. 

2 »» »» »i ♦« »» ^ fix. 

■- ■ • 9 m 

»» »» »» »t ** ***• 

air-pipe (at 15° C.) 
fall-pipe, when 10,700 mm. high 
„ „ 11,0*20 mm. „ 

Number of holes in the perforated i 5 mm. 
plate, with a head of 10 mm. of -J 6 mm. 
water, + 10 °/ G for obstructions \ 7 mm. 



Condenser 
steps 

Condenser 
steps 



mm. 

mm. 
mm. 

mm. 



2 

|5 



mm. 
mm. 
mm. 
mm. 

- mm. 

- mm. 
mm. 

diameter 
»» 
»» 



800 . 500 1000 1500 



.. i 



9000 ; 5000 10000 15000 

12000 20000 40000 60000 

400 ! 450 550 650 

I ! 

At least 3000 mm.- 
500 1 550, 600 700 

2400 1 2400 , 2400 2800 



200 1 
50 - 
45 
40 
50' 
90 
75 

125 
90; 
70; 



250; 

60 1 
55 
50> 
60 
105 
85: 
210 
145 
110 



350 400 



80i 
70, 
65 
80- 
U5, 
110 
415 



90 

80 

75 

90 

175 

135 

630 



290 435 
215 320 



and contractions. The diameters in Table 51 are determined in this 
manner. 

If the diameter of the condenser, A dcm., is fixed, then the height 
of the lowest stage, e u1 for condensing the weight of steam, D, in one 
hour is at least 

10D , 

e - = ioooa dcm * 

Accordingly, 

For D = 1000 2000 
and A = 600 775 
e u - 170 255 



5000 10,000 kilos, of steam. 
1175 1600 mm. 
440 630 mm. 



But, on account of the vortex and friction occurring at this place, 
the height of the lowest stage should be increased to about 

e u = 220 330 550 700 mm. 

The succeeding upper steps may then be put nearer and nearer 
together. There may be 3-4 whole stops or 6-8 half stops. 
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Table 51. 

and without steps, for condensing 300-12,000 kilos, of steam per hour 
of 705 mm. 



2000 


3000 


4000 


5000 


6000 


7000 
, 70000 


8000 
80000 


9000 


10000 
100000 


i 

11000 

1 

t 


12000 


20000 


30000 


40000 


50000 


60000 


90000 


110000 120000 


80000 


120000 


160000 


200000 


240000 


280000 


320000 


360000 


400000 


440000 480000 


700 


775 


900 


1000 


1100 


1 1200 


1275 


1850 


1400 


1450. 

| 


1550 


Holes 


in perf 


orated ] 


>late no 


t larger 


than 2 


mm. diameter. 




1 




775 


900 


1050 


1175 


1250 


1350 


1450 


1550 


1600 

i 


1675 


1750 


2800 


2800 


3200 


3200 


3200 


3200 


3600 


3600 


3600 


3600 


3600 


450 


500 


575 


650 


700 


750 


800 


850 


900 1 


950 


1000 


105 


125 


135 


155 


170 


180 


190 


205 


215 


225 


230 


90 


110 


120 


135 


145 


155 


165 


175 


185 


190 


195 


85 


100 


115 


125 


135 


145 


150 


160 


170 


175 


185 


100 


115 


125 


135 


145 


155 


160 


165 


175; 


180 


190 


200 


235 


280 


300 


330 


350 : 


380 


400 


420 


440 


460 


150 


175 


190 


215 


225 


250 


275 


285 


300 ' 


315 


325 


825 


1240 


1660 


2070 


2480 


2895 


3300 


3720 


4135 


4550 


4960 


580 


865 


1150 


1440 


1730 


2090 


2305 


2595 


2880i 


3165 


3455 


420 


j 635 

1 


845 


1060 


1270 


1480 ! 


1690 


1905 


2115 j 


2335 


2545 



The diameter of the steam pipe is obtained as with wet condensers. 
It is determined by means of Table 32. 

The diameter of the water pipe may also be determined as before. 
The limits of the temperatures of the steam are about 35°-60° C, of 
the water about 8°-30° C, and consequently, according to Table 41 r 
10-40 kilos, of water are required to condense 1 kilo, of steam. The 
diameter of the water supply pipe is then obtained from Table 36, if 
the available pressure is known or assumed in each case. In Table 
51 the diameters are given for heads of 3, 6 and 9 m. 

The water is sprayed in the condenser in many different ways. If 
the water is distributed by means of an overflow (sill), or an overflow 
is used as a preliminary, Table 43 serves to fix the dimensions. The 
width or circumference of the overflow (length of the sill) is generally 
known from the diameter of the condenser. Table 43 then gives the 
depth of the layer of water running over. The sheet of water so 
formed naturally diminishes in thickness during its fall. 

When the water is distributed through a perforated plate, by 
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assumption of the diameter of the holes, the number may be at once 
obtained from Table 44, and then from the size of the plate the dis- 
tances between the holes can be determined. 

In calculating the number of holes, ?t, in the sieve, their diameter 
must be taken according to discretion. The smaller they are, the 
more thoroughly is the water divided, but they are the more readily 
stopped up. 

The number of holes is determined for the smallest probable 
consumption of water, assuming a suitable height for the water (10 
mm. in Tables 44 and 51). An increased head of water causes the 
flow of an increased quantity of water sprayed to the same extent. 

The perforated plates have naturally a high rim, in order to make 
possible a large pressure. 

In Table 51 the number of holes is given for the minimum 
quantity of water, a head of 10 mm. and holes of 5, 6 and 7 mm. 
diameter. 

The section of the air-pipe follows from the weight of air to be 
hourly exhausted, which is taken at 0*25 kilo, per 1000 kilos, of 
water, calculating from the greatest consumption of water. Table 
35 gives the necessary measurements. 

The diameter of the fall-pipe or barometer pipe is obtained from 
the maximum quantity of injected water, to which is to be added the 
weight of the condensed steam. It is found in Table 42. 

In Table 51 the diameter of this waste pipe is given for two 
heights— 10-7 and 11-02 m. 

It hardly appears to be necessary to calculate an example, which 
would be merely repetition, in view of the example calculated of a 
wet condenser. 

The loss of heat from the warm condenser walls is an advantage, 
but it is insignificant compared with the weight of steam hourly 
condensed. 

Example. — The condenser for condensing 1000 kilos, of steam per hour has a 
surface of 7 sq. m. (Table 51). It therefore loses in one hour, if its average 
temperature is 55° C. and that of the atmosphere 10° C, 7 x 506 = 3535 calories 
{Table 39). Thus it condenses about 6 kilos, of steam per hour on the inner 
-wall, which is equal to 0*0 per cent, of the total condensation. 

The surface of the cold water, on the perforated plate and in the 
feed-box inside the condenser, does not condense steam, which should 
always l>e completely liquefied below the plate, but it serves to cool 
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the air. For this purpose the jets and sheets of water formed above 
the perforated plate are also useful. 



B. Surface-Condensers (Coolers). 

Surface-condensers are designed to condense vapours from the 
most diverse sources, and generally also to cool the condensed liquid 
(hence they are often known as coolers), without the cooling medium 
— generally cold water, more rarely air — coming into direct contact 
with the substance. The exchange of heat takes place through a_ 
metal wall. 

The space in which condensation occurs may be under the 
pressure of an atmosphere or under a lower pressure (vacuum). 

There are at present no certain observations to show that the - 
vapours of different liquids have different coefficients of transmission 
of heat (which might perhaps dej>end on the specific gravity of the 
vapour). Thus it must for the present be assumed that these 
coefficients are the same for all vapours, and also that they do not 
alter for different pressures. It may be left an open question whether 
the coefficient is not in fact less at very low pressures. 

Surface-condensers may be formed from systems of tubes, through 
which the vapours pass, whilst the water flows outside, or the water 
may pass through the tubes and the vapours outside. They may be 
made from coils, bundles of pipes, and cylindrical or plane surfaces, 
which are cooled by water or air on one side, whilst the -other is in 
contact with the vapour. 

If water is used as the condensing agent, it may rise eft masse 
about the surfaces or flow down in a thin layer over them. 

If the air is used as the cooling agent, it is forced through pipes 
round which moves the liquid to be cooled. 

Thus this species of condenser may be separated into : — 

1. Enclosed surface -condensers cooled by water. 

2. Enclosed surface-condensers cooled by air. 

3. Open surface-condensers. 



1. Enclosed Surface-Condensers with Water Cooling (Coolers). 
Figs. 17, 18 and 19 show typical forms of these condensers. 
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fa) The Mean Temperature Differences, tf„ and 0^ 

If there are .not particular reasons for another arrangement, this 
species of apparatus is naturally constructed for opposite currents, U.. 
in vertical condensers the steam enters at the top and the water below. 
Generally the vapour passes through and the water about the tubes, 
occasionally, however, for convenience in cleaning the tubes, the. 







Fig. 18. 

vapour is sent round and the water through them. Tbis latter ar- 
rangement influences .the exchange of heat only in so far as it generally 
diminishes the velocity of the steam and increases that of the water. 
From what was said in Chapter I. it is evident that two periods 
must be distinguished in condensers which also cool, via., the period 
during which the vapour is condensed and the period during which 
the condensed liquid is cooled. 
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If the vapour brought no air with it, it would retain the same 
temperature to the end of the first period in which the condensation 
occurs, since its pressure would remain almost the same. In pro- 
portion as it advanced over the cooling surface, its quantity, and 
hence its velocity, would gradually diminish until both became zero, 
but it would remain at a constant temperature so long as it existed. 
If then all the vapour had disappeared at a certain place in the con- 
denser, the remaining space would be filled with air at a tension equal 
to that of the vapour. The spaces filled with vapour and air would be 




Fio. 19. 

marked off with tolerable sharpness, and this would also be the case if 
the condensation occurred in vacuo. In reality, however, the vapour 
always contains more or less air, which increases in pressure the more 
the quantity of the vapour is diminished by condensation. Thus there 
is a gradual transformation from the space in which there is only 
vapour to that in which there is only air, through a space in which 
the two are mixed. 

This air, which is introduced by the vapours to be condensed, 
must be conducted away, either into the atmosphere or to the air- 
17 
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pump. Thus condensers or coolers must be provided with a pipe, _ 
which leads the air from their interior into the open or to the air- 
pump. This pipe must not be obstructed by liquid, since the varia- 
tions in the pressure and amount of air introduced into the condenser 
would cause currents backwards and forwards in this pipe in order to 
equalise the pressure. The presence of liquid in the pipe would 
prevent the free movement of the air and might cause irregularities 
in working. 

Since condensation, i.e., the production of liquid from the vapour, 
commences immediately the vapour enters the condenser, its walls are 
at once covered by liquid flowing downwards, the quantity and velocity *" 
of which increase towards the bottom. This liquid forms an obstacle 
to the transfer of heat which cannot well be disregarded. The liquid 
flowing down has not the temperature of the vapour nor that of the 
cooling medium (water) ; its temperature lies between the two. At 
that place in the condenser at which condensation is practically 
finished, the condensed liquid is always cooler than the vapour from 
which it was formed. Unfortunately, in the lack of suitable experi- 
ments, it is not accurately known what relation its temperature bears 
to those of the vapour and cooling water. 

For this reason, and because we wish to avoid other arbitrary 
assumptions, and finally also because this condition has only a slight 
influence on the estimation of the size of the cooling surface, we shall 
assume in what follows (though incorrectly) that the liquid condensed 
has at the end of the condensation the temperature of the vapour, and 
that in the following period it is cooled from the temperature of the 
vapour to the desired lower temperature. 

The transfer of heat is universally assumed to be directly propor- 
tional to the difference in temperature between the two substances 
engaged in the process. Therefore, in the first place, we must 
determine the mean temperature difference between vapour and cool- 
ing water and then that between the condensed liquid and the water. 

We know, from Chapter I., that the mean difference in tempera- 
ture is in most cases not equal to the arithmetic mean of the initial 
and final differences, but is (equation 10) : 



6L = 



'm 



(i- ') 

v__ 100 Z 

, 100 ' 
log — 

V 
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d which 6, denotes the greatest and p the least difference in tempera 
lire, the latter expressed as a percentage of the former. 

Example. — If the greatest difference, I, = 60°, the least difference = 6", than 

6 x 100 ,. 
. = -eg- = 10 percent 

In Table 1 are found the values of m calculated for the case in 
vhich 6. = 1, and for p = 1 - 100 per cent. 

ExampU.— For ft, = G0° and p - 10, Table 1 gives «„ = 0-391 x 60 = 23'46°. 

In order to determine the cooling surfaces, it is necessary to know 
he mean temperature difference for each of the two periods singly, 
.e., for the period of condensation of the vapour and for that of 
looling the condensed liquid. It would, however, be inconvenient to 
calculate this specially every time. Table 52 is therefore given, in 
vhich the mean differences are given for a large number of cases — 
or steam at atmospheric pressure at the temperature of 100° C, for 
iteam of lower pressure at vacua of 611 and 705 mm. {temperatures 
>f 60° and 40° C), and also for alcohol vapour at 80° C, always cooling 
>y water. 

The cooling water may have various original temperatures, those 
if (,., - 2-5°, 5°, 10°, 15" and 20° C. are considered in the table. The 
vater may also flow away at various temperatures ; the final tempera- 
ures, („ - 20°, 30", 40°, 50°, 60°, 70° and 80° C. , are given in Table 52. 
•"inally, the condensed liquid is obtained at different temperatures ; the 
jases are considered in which it leaves 2°, 5', 10°, 15°, 20° and 25° C. 
lotter than the cooling water. 

In Table 52 the mean difference in temperature between vapour 
ind cooling water in the first period (condensation) is represented by 
i lm ., the mean difference between condensed liquid and cooling water 
n the second period (cooling) is represented by 6 mt . 

Example. — The steam to be condensed is at 100°, the cooling water is 
priginally at 10° and is to flow aw«; at 60°. The condensed liquid is required 
o be at 16° C. 

According to our assumption, the steam ia only to bo condensed in the first 
teriod, not cooled. 1 kilo, of steam at 100° C. has a total heat of 637 calories, of 
rhich 537 must be withdrawn in condensation. The condensed steam, the 
iquid, has still 100 calories; therefore, in order to cool it down to 15° C, 85 
inits of heat must still be removed (in all 537 + 85 = 622 calories). In the 
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85 85 

cooling period, therefore, ^ -. = r2 _ of the total heat is to be removed, and 

537 
in the condensing period r99 of the total heat. 

The cooling water becomes heated in all from 15° to 60° C, i.e., through 45 a ,of 

85 x 45 
which — ^r — = 6*15° is accounted for bv the period of cooling. 
622 

Thus, at the end of the condensation period, when the condensed liquid is 

still at 100°, the cooling water is at 10° + 615° = 16-15° O. 

The steam enters at 100° 

The water is finally at 60° 

Difference 40° 

The steam is finally at 100° 

The water at the same place is at - - 16*15° 

Difference 83-85° 

40 x 100 
40° is the following percentage of 83*85° : - p — qq.qk = 47*70 per cent. 

The mean temperature difference between steam and water in the first period 
is, therefore, according to Table 1, $ tHe = 0*7 x 83*85 = 58*7°. 

The condensed liquid at the top is at - - 100° 

The cooling water at the top is at - - 16*15° 



Difference 83*85' 



o 



The condensed liquid at the bottom is at - - 15' 
The cooling water at the bottom is at - - 10' 



Difference 5° 

5 x 100 
5° is the following percentage of 83*85° : - p = -ooTj^r - = 5*96 per cent. 

The mean temperature difference between the condensed liquid and the 
cooling water during the second period, according to Table 1, is 

d mk = 0-339 x 83-85 = 28-42°. 

Table 52 has been calculated in this manner. It shows : — 

1. That the mean temperature difference between vapour and cooling 
water (first period) decreases with the increase in temperature of the 
waste water, but that it is very little affected by tfie extent to which 
the condensed liquid is cooled. In the latter respect the differences 
may be neglected in practice. 
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Table 52. 

The temperature differences between vapour and cooling water, 0„, 
and between condensed liquid and cooling water, #_„ for steam 
at 100°, 60° (611 mm. vacuum), 40° C, (705 mm. vacuum), for 
alcohol vapour at 80° C. (83"6 per cent, by weight) in closed 
surf ace-conden sers . 

The figures printed vertically are the temperatures of the cooling 
water at the place where condensation ceases and cooling begins. 
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Table- 52 — {continued). 
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2. That the mean temperature difference between the condensed 
liquid and the eoolimj water (second period) in considerably affected bit 
tile extent to which the final temperature of the condensed liquid is to 
approach that of the coolintj water, but that it does not depend to any 
•jreat deijree on the temperature of the waste water. In the latter 
respect the variations may be disregarded, and the mean temperature 
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difference for the second period may be. taken for all cases as the mean 
of the temperature differences calculated for waste water temperatures 
of 20°-80", without regard to the actual temperature of the waste water 
in the particular case. 

(b) The Coefficients of Transmission of Heat, k r and k t . 

The coefficient, k r , for the passage of heat from steam to non-boiling 
water (first period) in open copper or brass tubes, is obtained from the 
empirical expression : 

K = 750 i/v* t'0-007 + v, (202) 

This formula, is founded on observations made in actual practice on 
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large and small condensers of most varied forms; v d denotes the 
velocity of the steam when it enters the condenser (initial velocity), 
v, the mean velocity of the cooling water. It appears to be un- 
questionable that the coefficient of transmission of heat in these cases 
(condensation of vapours in spaces connected with the atmosphere or 
with an air-puinp) increases with the velocity of the steam and water. 

The velocity of the current of steam naturally decreases in the 
condenser from the beginning to the end, when it is zero. This 
decrease is in no way uniform, but is first rapid, then slower, following 
a curve not to be explained here. Since, however, the decrease in 
velocity must take place in almost all cases in the same manner, be- 
cause the essential conditions, which cause the decrease, are the same 
in all condensers, it is permissible to assume that the mean velocity 
of the steam, which is the factor to be considered here, is in a simple 
proportion to the initial velocity. 

As already mentioned in Chapter VII., there are many causes 
besides the velocities which influence the transmission of heat. These 
influences may be very great and often of such a nature that they 
cannot be expressed mathematically. The incrustations, which always 
occur to a greater or less extent, and are a priori quite indeterminable, 
often make any calculation deceptive ; but also the position and direction 
of the surfaces, the width, shape and capacity of the hot space, the air 
mixed with the vapour, all alter the action to a considerable extent. 
No equation can be given for A r , which expresses all these factors. 

For coils and tubular coolers, through which the vapours pass, 
equation (202) may be used with some confidence. It is already 
corrected for an average diminution in efficiency due to the furring of 
the cooling surface. For extraordinary cases k r may be taken some- 
what larger or smaller. Equation (202) holds good for cooling surfaces 
of copper and brass ; these have walls of tolerably equal thickness, 
which may therefore be disregarded. For iron surfaces, also because 
they generally are more furred than copper surfaces, the value of 
k e should be diminished by about 15 per cent., for thick lead surfaces 
by about 30 per cent. 

In Table 53 are collected the values for k e , calculated by means of 
equation (202), for initial velocities of steam of 1-65 m. and velocities 
of the cooling liquid of 0001 -4 m. These values, A- c , are for the first 
period — that of condensation. 

For the second period, that of cooliny, in which the tramfer of heat 
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Table 53. 

3 coefficient of the transmission of heat, k c , between steam at low 
pressures and water, which does not boil, with copper tubes, for 
initial velocities of the steam, v t , of 1-65 m. and velocities of the 
water, v, = 0001-40 m. (First period). 
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between the condensed liquid and the cooling liquid — between two 
aids — another coefficient, k,, holds good, 

The coefficient of transmission, £,, for the transfer of heat between 
o liquids moving with different velocities, is taken from equation 
11} in the following chapter, for copper tubes: 



1 



1 
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In this expression v fl denotes the velocity of one liquid, r /2 of the 
other. 

Table 64 gives, by equation (232), the values of k k for velocities of 
the two liquids, v fl and r /2 , from 0*001-2 m. 

The velocity, v /v of the cooling liquid (generally water), which is 
rising and being heated, may be determined in any case after the con- 
struction of the apparatus, but is generally calculated previously ; it is 
usually very low. As a rule, in cooling vessels the water rises with a 
velocity of 1-3 mm., although there is at times an endeavour to attain 
a higher velocity. Occasionally 150 or even 200 mm. is reached. 

Apart from the uniform initial velocity, the cooling water acquires, 
through being heated on the hot surfaces, particular movements, the 
velocity of which may depend very largely on the temperature 
difference, the absolute temperature and the shape of the cooling 
surface. Thus the original velocity alone is not all. The warmer the 
cooling water is, the more readily it takes up heat (see the example on 
p. 32). 

The velocity, r /2 , of the condensed liquid running down in the 
condenser is not known. It is generally greater than that of the 
cooling liquid. Certain observations lead to the conclusion that it is 
rarely more than 1 m. per second ; v /2 is therefore taken at 0*800. 
This holds good for cooling surfaces, which are wetted all over by the 
condensed liquid which is to be cooled. It is almost universal in 
practice to find only a portion of the cooling surface wetted. There- 
fore, for vertical tubes the calculated surfaces must be approximately 
doubled. In coil coolers, in which the liquid only runs down on the 
lower part of the inner wall of the pipe, the upper and larger part 
remains unused, therefore the calculated cooling surface, H k , for coils, 
must be multiplied approximately by 3. 



{(-) The Cowlensintj and Caolintj Surfaces, H c and H k , 

We have now determined the dimensions of the principal factors. 
&,»,-, Q„ tk , k c and k k , upon which depend the size of the condensing 
surface, //,., and cooling surface, H k ; we now proceed to calculate the 
whole surface necessary. It is 

//,, = H r + H t = -/' ■ + -£*-.... ,203) 
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In order to facilitate the estimation of the condensing and cooling 
surfaces necessary in each separate case, Table 54 is given, from which 
may be taken the surfaces for condensing and cooling 100 kilos, of 
water or alcohol vapour per hour. 

Table 54 consists of two parts. Fart I. gives the surface, H„ 
required for condensing 100 kilos, of steam at 100°, 60° and 40° C, 
and of aqueous alcohol vapour at 80° C. (863 per cent, by weight), in 
one hour, with vapour velocities of 1-64 m. and cooling water velocities 
of 0'001-100 m. Part II. then gives the surface, H„ required for 
cooling the condensed liquid. 

In using Table 54 it is therefore necessary first to seek in Part I. 
the surface necessary for condensation, and to add to this the surface 
required for cooling, obtained from Part II. and multiplied by 2 or 3. 

It was assumed in calculating this table that the cooling water 
enters at 10° C, which is its ordinary temperature. If the water is 
colder in any particular case, the surfaces may be somewhat smaller, 
if warmer, they must be increased in proportion to the temperature 
differences given in Table 54. The figures ore for copper heating 
surfaces. Iron surfaces must be 10-20 per cent, larger, lead surfaces 
20-30 per cent, larger. An addition must also be made for ex- 
ceptionally thick walls. 

The first port of Table 54 is based on the assumption that all the 
vapour which enters the condenser is to be condensed. If this is not 
the case, but only a part of the entering vapour is to be liquefied, the 
other part leaving the condenser as vapour, then the capacity of the 
cooling surface increases considerably. The increase depends on the 
velocity with which the vapour leaves. In such cases the sum of the 
initial and final velocities of the vapour is to be taken as the basis of 
calculation. 

The cooling surfaces given for the condensation of steam at 40° C. 
are probably too low ; it would be well in constructing apparatus to 
make them somewhat larger than is indicated in Table 54 — say 15-20 
per cent, larger. It appears that highly rarefied steam communicates 
its heat less rapidly than high pressure steam ; this may be on account 
of the greater distance apart of the molecules or on account of the 
sluggishness due to this cause. Table 54 assumes that the vapour 
passes through the tubes and the water flows outside them. If the 
reverse be the case, the greater velocity of the water is more favour- 
able and the lower velocity of the steam less favourable, but generally 
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Table 54. Part I. 

The cooling surfaces, H c and H k , in sq. m., requisite to condense and 
cool in one hour 100 kilos, of steam at 100° C, 100 kilos, of steam 
at 60° C, 100 kilos, of steam at 40° C, and 100 kilos, of aqueous 
alcoholic vapour at 80° C. (86*3 per cent, by weight). 

The steam enters at velocities, v dy from 1-64 m. The cooling water 
has velocities, v fy from 0*001-1 *00 m. 

The initial temperature of the cooling water, t^ = 10° C. The final 
temperature of the cooling water, t ke = 20°-80° C. 

The condensed liquid leaves at 2°-25° C. above the initial temperature 
of the cooling water. 





Steam at 100° C. 


(atmospheric pressure), 


c = 587. 




Initial 

velocity 

of the 

steam. 


Velocity 
of the 

cooling 
water. 


F 
20 


inal temporatur 

30 \ 40 

J 


e of the cooling 


water, tt,. 


50 


60 


70 80 








t\i 


0001 


Th 

4-29 


e cooling surface 
condense 100 k 

4-62 5 


a, //«., in 
ilos. of s 

5-45 


sq. m., 
team pe 


required 
r hour. 

690 


l to 


10 


6 20 


8-40 




0009 


3-43 


3-69 


4 


4-36 


496 


5-52 ' 6-72 




0020 


2-86 


3*08 


3-24 


3-64 


414 


4-60 1 560 




0-210 


1-43 


1-54 , 


1-67 


1-82 


207 


2-30 , 2-80 




1000 


0-86 


0-93 


100 


109 


1-24 


1-40 | 1-68 


1-5 


0001 


3-52 


3-78 


4-10 


4-47 


510 


5-66 


700 




0009 


2-81 


3-00 


3-28 


3-58 


408 


4-53 


5-60 




0020 


2-36 


2-52 


2-74 


2-98 


3-40 


3-78 


534 




0-210 


1-18 


1-26 


1-37 


1-49 


1-70 


1-89 


2-67 




100 


0-71 


0-76 


0-82 


0-89 


102 


113 


1-40 


2 


0001 


301 


3-27 


3-54 


3-83 


4-40 


4-90 


6*00 




0-009 


2-41 


2-61 


2-83 


3 06 


352 


3-92 


4-80 




0020 


202 


2-18 


2-36 


2-56 


2-94 


328 


400 




0-210 


101 


105 


1-18 


, 1-28 


1-47 


1-64 


200 




100 


0-61 


0-66 


0-71 


1 0-77 


0-88 


0-98 


1-20 


4 


0001 


215 


2-31 


2-50 


1 2-73 


310 


3-45 


4-20 




0009 


1-72 


1-85 


2-00 


1 218 


2-48 


2-76 i 336 




0020 


1-44 


1-54 


1()() 


, 1-82 


2-08 


2-30 i 2-80 




0-210 


0-72 


0-77 


0-83 


0-91 


104 


115 , 1-40 




1 000 


0-43 


0-46 


0-50 


0-55 

i 


0-62 


070 | 084 

i 
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Table 54. 


Part I. — (continued). 








Steam at 100° C. 


(atmospheric pressure), 


c = 537. 


» 




1 

1 

Velocity 
of the 


Final temperature of the cooling 


water, f*. 


tial 
►city 


20 


30 


! 40 


50 


60 


, 70 ; 80 


the 


cooling 
water. 






1 

■ 






1 i 


im. 














<t 


r/ 


The cooling surface 
condense 100 k 


s, H^ in 
ilos. of £ 


sq. m., required to 
iteam per hour. 


9 


0001 


1-43 


1-54 


1-67 


1-82 


207 


2-30 


2-80 




0-009 


114 


1-25 


1-50 


1-38 


1-66 


1-84 


2-24 




0020 


0-90 


102 


112 


1-22 


1-38 


1-54 


1-88 




0-210 


0-45 


0-51 


0-56 


0-61 


0-69 


0-77 


094 




1000 


0-29 


0-31 


0-36 


0-37 


0-42 


0-46 


0-56 


6 


0001 


108 


116 


1-25 


1-36 


1-55 


1-73 


210 




0009 


0-86 


0-95 


100 


109 


1-24 


1-38 


1-68 




0020 


0-58 


0-64 


0-68 


0-74 


084 


0-92 


112 




0210 


0-29 


0-32 


0-34 


0-37 


0-42 


0-46 


0-56 




1000 


0-22 


0-24 


0-25 


0-27 


0-31 


0-35 


0-42 





0001 


0-96 


104 


112 


1-22 


1-38 


1-54 


1-88 




0009 


077 


0-83 


0-89 


0-97 


1-10 


1-23 


1-50 




0020 


0-64 


0-70 


0-75 


0-82 


0-90 


102 


1-26 




0-210 


0-32 


0-35 


0-38 


0-41 


0-45 


0-51 


0-63 




1000 


0-20 


0-21 


0-23 


0-25 


0-28 


0-31 0-38 


o 


0001 


0-86 


0-93 


100 


109 


1-24 


1-38 


1-68 




0009 


0-71 


0-75 


0-80 


0-87 


100 


110 


1-34 




0020 


0-58 


0-62 


0-67 


0-72 


0-64 


0-90 


112 




0-210 


0-29 


0-31 


0-34 


0-36 


0-32 


0-45 


0-56 




1000 


017 


019 


0-20 


0-22 


0-25 


0-28 


0-34 



lilt to ascertain. The efficiency of the condensing surfaces may 
be taken at about 20 per cent, less than that given in the table, 
lich extent the surfaces should therefore be increased. 

rample. — 100 kilos, of steam at 100° G. are to be condensed and the liquid 
to 15° G. The cooling water is originally at 10° and is to flow away at 
The steam enters with the velocity, v d = 80 m., the water with the 
;y, Vf = 0002 m. 

i order to condense 100 kilos, of steam, (637-100) 100 = 58,700 calories must 
bhdrawn from it. In order to cool 100 kilos, of water from 100° to 15° 
5) 100 = 8500 calories must be abstracted. 
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Tahle 54. Part I. — {continued). 



Initial 


Steam a1 

I 
i 

i 

| Velocity 


fc 100° c. 


(atmospheric pressure), 


c = 637 


■ 


Final ten 


iperature of the 


cooling 


water, /*,. 




i 


1 


i 

I 


velocity 


1 of the 


20 30 


40 


50 


| 60 


' 70 80 


of the 
steam. 


1 cooling 
1 water. 


— — - 






i 


1 


i 

; i 














i 

i 


The coolin 


g surface, H Cy in 


sq. m., 


required to 


v d 


i 

i «y 

1 

j 0001 


0-78 


condon 


se 100 kilos, of steam per hour. 


30 


0-84 


. 0-92 


100 


115 


i 

1 1-26 1-54 




0009 


0-62 1 0-67 


0-73 


0-80 


0-92 


100 , 1-23 




0-020 


0-52 ; 0-56 


0-62 


0-67 


0-76 


I 084 , 104 




0-210 


0-26 0-28 

i 


0-31 


0-34 


0-38 I 0-42 ,' 0-52 




1000 


016 017 


0-19 


0-20 


0-23 


| 026 0-31 


36 


0001 


0-72 


0-77 


0-83 


0-91 


104 


115 , 1-40 




0009 


0-57 0-61 


0-66 


0-73 


0-83 


0-92 i 112 




020 


0-48 ! 052 


0-56 


0-62 


0-76 


0-78 0-95 




0-210 


0-24 


0-26 


0-28 


0-31 


0-38 


0-39 ' 0-47 




1000 


0-15 


016 


017 


019 


0-21 


0-23 : 0-28 


49 


0001 


0-62 


0-66 


0-72 


0-78 


0-89 


100 i 1-20 




0-009 


0-50 


0-53 


0-58 


0-62 


0-72 


0-80 , 0-96 




0020 


0-42 


0-44 


0-48 


0-58 


0-60 


0-68 ■ 0-80 




0-210 


0-21 


0-22 


0-24 


0-29 


0-30 


0-34 0-40 




1000 


013 1 0-14 


015 


016 


0-18 


0-20 1 0-24 


64 


001 


0-54 ' 0o8 


0-63 


0-68 


0-78 


0-87 1 105 




0009 


0-44 1 0-47 


0-51 


0-55 


0-62 


0-71 i 0-84 




020 


0-36 1 0-38 


0-42 


0-46 


0-52 


0-58 , 0-70 




0-210 


018 1 019 


0-21 


0-23 


0-26 


0-29 ' 0-35 




1000 


0-11 | 012 


013 


014 


016 


018 | 0-21 

l 



According to Tahle 52, the temperature differences for the present case are 
0„„. = 5S-7' J and B, tl \ — 27*7°, and the coefficient of transmission, according to 
Table 53, is in the first period (condensation) Ay = 830, and in the second period 
(cooling), according to Tahle G3, k k — 212. 

The cooling surface for the (fir»t) period of condensation is therefore 

„ C 53700 

Hr = m:„; = mo x"58- 7 = 113 sq - m - 

The cooling surface for the (second) period of cooling would be 

//* = 7 — --■ - v- r - ,_ - = 1*44 sq m. 
k k e, nk 212 x 277 ' 

if it were all used. The cooler, however, is to be made in the form of a coil : the 
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Table 54. Part 1. —(continued). 



Steam at GO" C. 


Steam at 10° C. 






Vara urn « 


611 m 




Vacuum = "05 mm. 


;.=;. 


Velocity 

of (be 


e = 


50*. 






t m 577. 


Final temperatur 


of the cooling water, 1^.. 


20 30 


40 


50 


20 


30 


89 




Cooling surface, H„ in sq. m., required to 
condense KXI kilos, of steam per hour. 


i 


0001 


4-06 


4-68 


5-50 


714 


6-76 


10-20 13-42 




0*009 


3-24 


3-90 


4-20 


5*85 


5-41 


816 !lO-73 




fWi:>0 


2-70 


212 


3 68 


4 76 


4-52 


6-80 


a-sui 




0-210 


1-35 


1-56 


1-84 


2-38 


2-26 


3-40 


4-48 




1-000 


0-81 


0-94 


1-10 


1-45 


1-36 


2-04 


■2*119 


9 


0001 


2-70 


313 


3-70 


4-76 


4-51 


6-80 


8*95 




0-009 


2-16 


2-50 


2*96 


3-81 


3-61 


5 44 


7-16 




0-020 


1*80 


2-10 


2*48 


3-18 


3*02 


454 


5*98 




0-210 


0-90 


1-05 


124 


1*59 


1-51 


2-27 


2*99 




1000 


54 


0-63 


0-74 


0-96 


0-91 


136 


1-79 


16 


o-ooi 


2-03 


2-34 


2*75 


357 


3-38 


510 


■ti-70 




0-009 


162 


1-87 


2-20 


2*86 


2-71 


4-08 


5*16 




0-020 


1-36 


2-56 


1-84 


2-38 


2-26 


3-40 


4-46 




0210 


0-68 


0-78 


0*92 


1*19 


113 


1-70 


2.23 




1-000 


0-41 


0-47 


0-55 


072 


068 


1*02 


1*34 


25 


0-001 


1-62 


1*88 


2-22 


2-86 


2-71 


4*08 


5-37 




0-009 


1-30 


1-50 


1-77 


2-31 


219 


3-26 


4*30 




020 


1-08 


1-26 


1-48 


1-93 


186 


2-73 


3*58 




0-210 


0-54 


0*63 


0-74 


096 


0*93 


1-36 


1 79 




1-000 


0-33 


0-38 


0*44 


0*58 


55 


0-82 


1-08 


36 


0-001 


1*36 


1*57 


1*86 


2*38 


3-26 


3*40 


4*48 




0-009 


109 


1*26 


1*51 


1-90 


1-81 


2-72 


3 59 




0.020 


0-92 


1-06 


1-24 


1*58 


1-52 


2-28 


2-98 




0-210 


0*46 


053 


0-62 


0-79 


0-76 


114 


1*49 




1000 


0-27 


0*32 


0-38 


0-48 


0-46 


0-68 


0-90 



cooling surface must therefore be mcre&sed to about 3 x 1-44 = 4-9! 
only one-third is really active. The total surface is therefore 
«■„ = 118 + 4-32 = 5 46 »q. m. 
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Table 54. Part I. — (continued). 



Aqueous alcohol vapour at 80° G. (80*3 per cent, strength by weight = 90 

per cent, by volume). 








c.= 252. 




Final temperature of the cooling water, /*. 




Initial 
velocity of 
the vapour. 


Velocity of 

the cooling 

water. 






20 


30 


40 


50 


60 


70 




Cooling surfaces, H c , in sq. m., required to 
condense 100 kilos, of vapour per hour. 




i'rf 


0001 






1 


2-60 


3 03 


333 


3-87 


4-59 


618 






0009 


208 


2-42 


3-66 


311 


3-67 


4-95 






0-020 


1-74 


2-02 


2-22 


2-58 


3 06 


412 






0-210 


0*87 


101 


111 


1-29 


1-63 


206 






1000 


0*52 


0-61 


0-66 


0-78 


0-92 


1-24 




2 


0001 


1-84 


215 


2-36 


2-74 


3-25 


4-38 






0009 


1-47 


1-72 1-89 


2-19 


2-60 


3-50 






0020 


1-24 


1-44 


1-58 


1-84 


218 


2-98 






0-210 


0-62 


0-72 


0-79 


i 

0-92 ' 109 


1-49 






1000 


0-37 ' 0-43 1 0-48 


0-55 ' 0-65 


0-88 




4 


0001 


1-30 j 1-57 | 1-67 


1-94 i 2-30 


3 09 






0009 


104 1-26 | 1-34 1-55 184 


2-47 






0-020 


0-88 


106 l 112 | 1-30 , 1-54 


206 






0210 


0-44 


0-53 


0-56 , 0-65 0-77 


103 






1000 


0-26 


0-32 


0-34 i 0-39 0-46 


0-62 




6 


0001 


104 


1-21 


1-33 


1-55 1-84 


2-47 






0009 


0-83 


0-96 


1-06 


1-24 1-47 


1-97 






0020 


0-70 


0-82 


0-90 


106 j 1-24 


1-66 






0-210 


0-35 


0-41 


0-45 


0-53 j 0-62 


0-83 






1000 


0-21 


0-24 


0-27 


032 | 0-37 


0-50 




9 


0001 


0-87 


101 


111 


1-29 i 1-53 


206 






0009 


0-71 


0-81 


0-89 102 1-22 


1-65 






0020 


0-58 


0-68 


0-74 


0-86 


104 


1-88 






0-210 


0-29 


0-34 


0-37 


0-43 0-52 


0-69 






1000 


018 

I 


0-21 


0-22 


0-26 1 0-31 

i 

i 


0-42 





In the practical construction of apparatus the original temperature 
of the water is frequently unknown, and also several other conditions 
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Table 54. Part II. 



The cooling surface, IT,, for i 



KM) kilos, of i.(piukiiM>l 
steam at 60° C. ((ill 



Temperature liillcriTHL' U-twrcrj initial temperature 

of the cooling water and linal temperature 

ol the condensed liquid. 



Cooling surface in sq. I 



O'OOl 

009 
0020 
0-210 
1-000 



200 ] -ry2 
1-fiO 1-21 

i-ioi-Oi; 
()-K(.iO-(.i5 

[.i-i;oo-4i, 



1-15:0 
0-iJ-J()-7:i 
0-81 0-64 

o-i.so-io 

0'34 0-^H 



D-NHI-70 
11114 (Von 
O-olUI-4'J 
()-:.»;-, n-:ij 

[0-21 



l-60 l l-18:0-830-630-50 
1-28 0-95 0-l.iG 0-540-40 
l-12;0-830-58 : 0'44 0-35 
0-69|O-51:O-36 : O'37O-22 
0-480-35 MSB-IS 0-18 



0*001 

0-009 
0020 
0-210 
1000 



-lpor-.--.-u 
aglit). 



1 'iniliug surface in srj. i 



o-ooi 

009 
020 
0-210 
1000 



! I I 

1-400-90 0-56 0-300-22 
M2'072!0*45'0-29!o-18 
3-980-630-40'0*25'0*16 
D-600-390-24.010'0-10 
0-42 0*27 0-160-11 0-06 



l-S51-070-__ 
l-08'O -860-64 
0-95iO-75b-56 

0-5SO-.ii-.IKi:-, 

3*410-32:0- 



0*001 
009 
0020 
0-210 
1000 



The initial temperature of the cooling water is taken at f,„ = 10° C. 

These cooling surfaces hold good only for surfaces entirely wetted. In the casi 
of vertical tubular coolers these surfaces must be at least doubled, in worm cooler 
they must be at least trebled. 

18 
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cannot be exactly estimated beforehand ; it is therefore necessary to 
make allowances for these uncertainties. The following assumptions 
appear to be quite reasonable : — 







Steam. 




Aqueous 
alcohol 










vapour. 


The vapour to be condensed 










is at 


100° 


60° 


40° 


80° 


It enters the cooling coil with 
the velocity - - v d = 


30-50 


40-60 


45-65 


4-5 m. 


It enters the tubular cooler 










with - - - v d = 


20-30 


20-30 


25-35 


2-3 m. 


The velocity of the water should 










be as great as possible and 
at least - v n = 


0001 


0001 


0001 


0001 m. 


The initial temperature of the 
water is taken at - t^ = 


10° 


10° 


10° 


10= 


The final temperature of the 
water is taken at - t^ — 


70°-80° 


40°-50° 


30° 


60 5 


The condensed liquid is cooled 
down to - - - t w = 


15° 


15° 


15° 


12° 



For the sake of convenience in making similar calculations two 
other tables are given, the first of which, Table 55, contains the 
weights of steam at 100°, 60°, 40° and 35° C, and of alcohol vapour, 
ether vapour and air, which pass through pipes of 10-100 mm. dia- 
meter in one hour with a velocity of 1 m. per second. At any other 
velocity, v d , the weight of vapour passing is v d times as great. 

The second Table, 56, gives the quantity of water which rises in 
one hour with a velocity of 0*001 m. in vessels of 300-1250 mm. dia- 
meter. If the velocity be v n the quantity of water is v fl times as 
great. If the quantity of water and the diameter of the vessel are 
known, Table 56 gives the velocity, v /v 

(d) Estimation of the Dimensions, d and Z, of the Cooler Tubes. 

As with evaporator tubes (Chapter VIII., Table 13) so also with 
condenser tubes, in which vapour is to be liquefied, it is necessary to 
calculate not only their cooling surface, H C1 but also the actual 
measurements, i.e., to estimate their length and diameter, since too 
long tubes would be inactive at the end. 
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i weight of steam, in kilos., which passes through tubes of 10-100 

n. in diameter in one hour at the velocity, v 4 = 1 m. per second. 



Steam. 








» 


T.-m- 




r 


'C, 


10 


15 


20 1 25 30 


35 


40 50 60 70 80 90 100 




181 


V4R 


1-Ofl 


1*92 ta-OoL-Sa'o-OOjT-esn-^ |17*2 1^3-5 i30*6 38*9 48*9 




198 


1-40 


)-4l 


I'M 2-.'-2'3*n : l-V<X!r;4;( 'i-T* 14 -ft ■lfi-il i2.-> 7 1,12-7 40*0 




iai 


rHH 


1-74 


1 HI -i-UVJ-'^lKi.r'w 7-).-.l]S nil 20-y 2GB 330 




112 


t-IB 


1-fiK 


1-00 l-iil.'-il [<] 1 -T.'!-! ■ t,j -ju-a 25-0 




100 


Ml 


l-HHf 


D-685 l-07:i-44 -i-lOi 73 4-27 BIO 148 10*9 13-9 17-0 


% 


60 


HH 


HWf 


j-143D--J.il) -U'WtilT]'' u-93 1 .11 ITU 2-3li 3-001 3 -ft 


si 


SO 


HIM! 


HI.V 


Hhi3D-I,-,0-21 iJ'29-k-ik (i-ril. ICH7 1-141 l.-V) 1-90: 2-3-1 


ITU 


■in 


j-ou 


Mr: 


'-■■■"..-■■.'■■rjil I:;ii I-ii^ U.K. n-. ! , O-711: D:i2 117, W:l 


IM 


36 


JijnOOliJOOl'JOuTiJIil.OM.OIrt 0-iS, U'40| 0'6*| 072) 0-9l| 1*11 
The weight of the vapour of aqueous alcohol. 




80" 


0-39 fl*88 [1-55 i2-lO|3"5O,*-8Oi6-26110-O |14-0 |19-0 |25-0 |31*8 |39-0 
The weight of ether vapour. 




37-5" 


0*80 11-70 |3-10 |5*00,7-OOI9*6012*5|20*0 |30-0 |41-0 |53*0 |66*0 (82-0 
Tlie weight of air. 




15° 


0*36 10-78 11-38 2-163-11 4-21 6-54| 8*0512-5 il0-9 ;21*1 i28-0 84-6 



'he weight of water, W, which rises in one hour at the velocity, 
v f = 0-001 m., through vessels of 300-1250 mm. diameter. 



imeter of vessel - 
iigbt of water, W 


300 
252 


350 
345 


40(1 

452 


450 
572 


500 550 600 
70S 855 1017 


650 
1194 


700 
1385 


750 
1590 


a meter of vessel - 
sight of water, W 


800 
1800 


850 
2042 


900 


950 
2520 


1000 105011100 
2820 3117 3420 


1150 
3738 


1200 
4068 


1250 
4417 



From the condition, that the quantity of heat given up by the 
denser tube to the cooling water in unit time must be equal to 
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the heat of evaporation (or condensation) of the vapour introduced, 
we obtain the equation : 

IIX.O ine = d £v d 3600c y (204) 

Inserting the values of H c and k e , we obtain 

dwl 750 s/7 H ?'0007 + r> tnr = ~ v d 3600c y , 
from which 

a -*£««£♦* ,205) 

From this equation, the most advantageous proportion of the 
length to the diameter of the condenser tube may be calculated for 
each special case. 

The great number of possible variations, due to the many variable 
factors, compels a restricted choice of the cases to be treated in 
tabular form. 

In Table 57 are arranged the ratios of the dimensions of the 

36 ' /7» ca ^ cu ^ atec ^ by means of equation (205), for the condensation 

of steam at 134°, 121°, 100°, 60° and 40° C, and alcohol vapour at 
80° C. (86*3 per cent, by weight = 90*4 per cent, by volume), which 
enter the tube with velocities, r rf = 4-64 m., for water velocities of r, 
= 0001 -3 m. and mean temperature differences, m = 10°-70°. 

The following is the method of using the table : After fixing the 
desired entrant velocity of the steam, r,„ the suitable diameter of the 
tube is obtained, for the quantity of steam to be condensed, from 
Table 55 by a slight calculation. Table 52 gives also the temperature 
differences in both periods (condensing and cooling) for the known 
or assumed initial and final temperatures of the cooling water. 
Table 57 gives'from these the proper ratio of the length of the tube 
to its diameter. 

The size of the resulting surface of condensation, II r9 may then be 
calculated from the dimensions of the tube. 

The surfaces, H k> required for cooliwj may be taken direct from 
Part II. of Table 54 and multiplied by 2 or 3 before use. 

All these assumptions and tables are for copper and brass tubes ; 
for those of iron or lead the additions, already frequently mentioned, 
must be made. 



dimensions of subface-condensers. 277 

Table 57. 

_, . length of pipe / 

The ratio, ^ ^ -^ = ^ f copper condensing pipe, (coils) for 

steam at 134°, 121", 100°, GO", 40' C, and aqueous alcohol vapour 
at 80° C. (86'3 per cent, by weight), when the vapour enters at 
velocities of t'i = 1-64 m. and the cooling water has velocities 
of v f = 0001-3 m., with temperature differences hetween 
vapour and ««rJfng water of #,„ 10" 70' C. 





r. : 






St 


Steam nt 134' C. 




II 


(a*tm«.ab*V 






(3 atmos. utis.) 




Velocity of jt<HH11 on 






Velocity o! steam on 




a"-= 


entering, t'j, in m. 

1 ill 


if 


|1 


entering, 0* i 


m. 






"f 


T 


4, . 3 1 1G 25 -iC, ' V.\ 


>;i 


,. 


V 


4 19 | 1G : 25 , .16 40 04 




•G. 


H.,„.i. 


,„. 


"C. 


B^|. 


0020 


90 


60 


90 


120 


150 


1M 


210 


240 


0'020 DO 


88132174 220' 204 308 350 




B0 


67 


102 


136 


171 


204 


236 


2T( 




98 14Gil9ti'i44 -20V 312 394 




70 


76 


II! 


1S4 


li« 


JlS 


266 


308 1 








60 


90 


136 


180 


222 


270 


314 


360 










108 


162 


216 


■7< 


121 


378 


432 








40 
30 


ISO 


202 


270 3JOl400'476i 540 
















20 


J7l) 111 








ii-JHi 














HO 














TO 














GO 














SO 




108 


(:■;.-. liij 1H'.< ''It 












68 


101 


135 


170 


203 


.MM 271 
II.', St.il 










30 


90 


135 


1B0 


245 


970 










20 


LBS 


205 


270 


335 


405 


469 


540 








100 


90 


18 


27 


SO 




54 




72 


i-oo ; ao 








80 


2< 


30 


40 


GO 


60 


70 


81 










70 


29 


34 


16 


56 


69 


BO 


98 










60 


27 


40 


54 


67 




94 


108 










SO 


S3 




















40 














30 


54 ' HI 








r,i son bib 


3-00 


90 










57' 66 78 






















B3 




70 


U 


21 


28 






49 


55 




70 


24 


Hi 


17 i'.i 


7S 


84 


94 






16 


24 


32 




48 


06 


64 




60 


27 


■It 


bi\ B7 


81 


94 


109 






19 


28 


38 


41 


67 


68 


76 




60 


38 


fit 


lit; S2 


99 




131 




40 


■it 


36 






72 


84 


95 




40 


41 


61 


saioa 


128 


143 


16S 




30 


32 


48 




BO 


9f 


M- 


127 




30 




82 


110 137 


165 


178 


219 




20 


47 


71 


95 


117 


,n 


164 


190 




30 


" 


125 


lil.v20t 


249 


290 


3S9 



278 EVAPORATING AND CONDENSING APPARATUS. 

Table 57 — (continued). 



ri 


J: 


Steam at 100° G. 


i 


is 


Steam at 60° C. 


I '' 


Velocity of steam on 


1\ 


s § 


Velocity of steam on 








entering, r*. in m. 


"_ : r 


z~ 




If 


1! 














> ■: 


S5 


1 9 , 1C , 25 ! 36 | 49 | 04 


as 


4 


y 


16 35 36 19 64 


■"< 


ft, 




Ri 


1 1 1 




a. 








„. 


(.:. 




tio. £ 


-. 


B, 


Ratio, t. 


MO] 


70 


56-7 


83-5 


111 


139 


ICO 


us 


220 


0001 


60 


18 


2C 


m 


14 


68 


63 


7! 




60 


65 


'.(7 


.St 


[63 


195 


227 


260 




40 


A3 


SS 


11 


H 


67 


78 


U 




.-,ii 


78 


117 


i-:- 


195 


234 


278 


\U 




30 


39 




69 


74 




101 


in 




40 


97 


146 


194 


24:i 


382 


810 


!'« 




30 


44 


66 


68 


u: 


1S8 


116 


177 




30 


ISO 


I'.l.i 


260 


325 


I'.IL 




530 


0009 


60 


11 


SI 


23 


36 


43 


50 


57 


Ol'KJ'.l 


70 


11 -i 


>- 




111 


188 


166 


178 




40 


18 


98 


36 


41 


68 








60 


52 


78 


104 


130 


156 


183 


_'ii- 




SO 


94 

Hi 


36 


17 


.VI 


70 


n 


M 




.■-,i) 


02 


93 


1S6 


150 


1*7 ^1M 


21: 




SO 


A3 


71 


f-M 


106 


134 


[fl 




10 


76 


117 


156 


195 


1-ii 27H 


lla 


0020 


» 


12 


18 


34 


SO 


34 


41 


■;: 




80 


102 


150 


90S 


360 


312 


361 


116 




10 


IS 


23 


:H) 


37 




63 


il) 


iXWi.J 


70 


37 


5fi 


74 


93 


117 


130 


li* 




30 


20 


SO 


40 


60 


59 


HO 


79 




60 


43 


65 


86 


10S 


i:;i 


151 


17E 




SO 


:<l 




FlH 


71 




104 


11- 




60 


62 


7* 


KM 130 


156 


183 


208 


0-210 


50 


i 


9-1 


IS 


15 


17 


2i.i 


M 




10 


64 


07 


130 lt^ 


195 


-'27 


860 




40 


7-6 


11 


IS 


18 


■2-2 


90 


yj 




SO 


B7 


130 


173 


316 


j.W :■«:« 


8« 




30 


10 


16 


20 


26 


30 


35 


U 


0-310 


7" 


19 


SS 


87 


46 


55 


65 


75 




20 


If 


22 


30 


87 


41 


62 


m 




60 


22 




44 


55 


66 


77 


68 


1-000 


50 


:i-i 


53 


71 


9 


11 


13 


u 




60 


86 




62 


65 


W 


91 


104 




4ii 


■l- 


6-7 


8-9 


11 


13-3 


15-5 


177 




40 


SS 


49 


6S 


81 


97 


114 


190 






i 


9 


13 


15 


17 


SO 21 






44 


66 


86 


106 


130 


162 


178 




30 


8-fl 


183 


17-7 


23 


97 


31 35 


L-000 


70 

50 
40 


11 
13 


IS 
19 
S3 
29 


22 23 
26 33 
31, 39 
39 49 


84 

41 
69 


40 
46 

69 


16 
53 
63 

76 
















1 




30 


26 




52 65 


76 


91 


U4 




















;n»»i 


70 
60 
BO 


a 

9 

11 


12 
13-5 
16 


16 20 

18 2-2-5 
21 27 


24 
37 
32 


81-5 

33 


SS 
86 
43 




















40 


17 r 


20*5 


27 34 


41 


18 ' 55 




















30 


ia 


S7 


36 45 


64 


68 ' 72 



















In the case of oily substances, or of steam which is bringing oily 
substances with it, the calculated heating surfaces must be approxi- 
mately doubled for practical use, because oily matter sticks to the 
walls and considerably diminishes the conduction of heat. 

The figures apply only to pipes of circular section, which are 
generally used ; for pipes of other sections different values must be 
taken. 



DIMENSIONS OF SURFACE-CONDENSERS. 
Table 57 — (continued). 



Steam at 40° C. 
Velocity of steam ot 
entering, tv, in m. 



26 36 49 64 















1H 


24 


::n 


Sfi 


49 




"7 


Mtt 


4ft 


M 


«H 




hi: 


4fl 


AO 


78 


SI 




U 


7S 


Art 


tIM 


m 


1 


u 


Ifl 


W 


W 


flfl 




"1 


**H 


«ft 


4M 


49 






H7 


4rt 


Wt 


ttft 




4V. 


Aft 


70 


H4 


m 


1 


\-> 


16 


W> 


K4 


VI 




is 


94 


no 


JW 


41 




--I 


:i- 


40 


4fl 


fifl 




■v. 


47 


ftH 


71 


fW 




li 


H 


1(1 


IW 


14 




11 


IV 




IH 


Ml 




!■' 


It) 


W) 


V4 






IK 


S4 


HI) 


HA 


4« 




■■(-: 


4f 


«'. 


T-r 


"-■5 






7-1 


H-ti 


net 


l«f 


1 


7-1 


H-f> 


11-f 


us 


1H-f 


1 


10-6 


H-a 


iv-v 


1S-H 


M4-8 


•1 



Aqueous alcohol vapour 
at 80° C. = 86-8 per 
cent, by weight = 90 
per cent, by volur " 
Velocity of vapom 

1 2 I 4 Is 9 1 16 



4s 


61 74 92 


AW 


74 HSUll 


ftft 


m in i;w 


HA 


Ui 1H". ls:l 


194 


.■i|-'li,-/7H 




4!f .VI 7-1 


40 


?>* 6;i *7 


.VI 


74 89111 


no 


■JSIU'J 147 


11)4 




W 


41 00 111 


At 




4S 


tii 71 IK 


58 


.s2 yji.'s 




1JJ 1 HI 1 -it 



J J -_'H M7 

■.-.< m h 



Bmutpk.— 800 kilos, of steam at 100° C. are to be condensed, and the eon- 
insed water cooled down to 20° C, by means of water which becomes heated 
am 10° to 70". 

The velocity at which the steam enters is taken to be about 40 m. and the 
jward velocity of the cooling water to be ry = 0001 ra. 

According to Table 65, 300 kilos, of steam pass through a pipe of 66 mm. bore 
one hour with a velocity of 42 m. Thus the bore of the tube is filed at 65 mm. 

Table 52 shows that, under the conditions given, the mean temperature 
fference in condensing, 8m = 52'5°, and in cooling, 0_t - 34'3°. 

It then follows from Table 57 (by interpolation) that , m 242, hence the 
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Table 58. 
Examples of the dimensions of condensing and cooling tubes of 10-10 
mm. diameter, for steam itt 100°, 00°, 40', and aqueous alcohc 
vapour at 80° C, for velocities of 40-20 and 2 m. respectively. 



Steam condensed by 
tube per hour, kilos. 
For con- 1 lengtli 

densation l*i\. m. 
For cooling }£** 
Total length of tube. I 



Steam condensed by 
tube per hour, kilos. 
For con- y length 
densation I"*]. m. 
Fo.coo.to, )|j5f 
Total length of tube, / 



Steam condensed lij 
tube per hour, kilns. 
For con- | length 

densation f sq. m. 
For cooling ]>"^ b 
Total length of tube, i 



10 15 I 20 25 J 30 



I 40 50 



70 80 I 90 



Steam at 100', entering with ilie velocity 
Water heated from 10* to 70"; velocity of wa 
Condeuncd liquid at 15'- ; 9..,. ■■= 52-5", 9,„, = : 
Copper <'ii i I a. 



= O'OOl - 
I -: 234-7 



i 3*79 4-70 5-B 



6 8015 2 274 40 3 615 84 109 171 i 

2-3,V :-!■.■-- 2 +-70 5-87 7 '00 8-21 ','-.3*117 I 
ODT.O-niSO'iWi 0-45 0-50 l-0u 117 l'S4 : 
10-5 |l5-0 -21*5 240 33-0 3<iO 10-0 ."Ad « 
0-30 (l-BU 1-38 1-84 3-14 3'8l 4117 TSOi: 

13-0 185 267 298 400 442 49*5 620 7- 



Steam at 100', entering with the veloc 

Water heated from 10* to 70" ; velocity of v 

Condensed liquid at 15'~ : 9„„ = 52-jj ', S,„r 

Vertical cooling tubes. 



3-4 76 13-7 20*2 30*8 420 545 855 123 169 219 277 

170 :!■:« 340 4-05 5-10 5-75 (J SO 8-.TO10-2 Ll-i) 13(i 1.V3 

30.52 011 0-2-2 0-31 051 0-fil 0-85 1*33 1*'J1 200 3-38 42; 

4*00 4*80 0*80 8*00 10-0 11*81 13-0 Hi:! 20 23-2 20 4 2-.'-8 

0-12 0"2H 0-42 0-112 0-!)3 1-2C. 1T.1 2-->-? 3-7 MM li-.is SH; 

5*70 71510-2 191 151 17 6 198 250 302 35 5 40 4 455 



Water heated from 10" t 
Coudcnscd liquid at 1 



the velocity, r-., = 40 In. 
elocity of water, r, = tl-OOl 1 
-- 31-7% A,,! - l'J-2\ , = 35. 



1-48 3'3)i 570 92013-2 17 2 236 37 2 52 2 71 6 974 120 

0-95 1-43 l-'JO 2-3S 2-K.-J 3-33 3-80 475 570 HK> 7<i0 rt-5i 

0-08 0-07; 0-12 0-1S 02S 0-37 IVlfl 0'74 10G 140 I'» -2-3i 

1*10 1-7S 2-20' 2-80 3-20 4O0 1 4-40 fl-fi0. 000 770 KS0100 

1-034 0*08' 0*13' 022 030 41 (hi.1 0-88 1-28 MIS 222 28- 

205 318 410 618 605 733 8201035123 144 664 18*6 



DIMENSIONS OF SURFACE -CONDENSERS. 281 

Table 58 — (continued). 

10 15 20 25 30 35 40 50 SO 70 80 90 
' I I'll' _ ___. 

Steam at GO", entering with the velocity, tt = 20 ru. 

Water heated from 10° to 40° ; velocity of water, v, = 0-001 m. 

Condensed liquid at 15°; *„, = 31-7°. fl„i = 19*2°, , = 65. 

Vertical tubes. 



Ieii-.ii! ion I s. 
I length of ti 



ii condensed by 
>c per hour, kilos, 
-on- \ length 



0-74 166 286 4'62 660 8 6*118 186 

0-05 OUT ISO lliH 1-U5- 2"27 2*6 3-2; 

o-oa ooi o-us o-i-> ii i-,t o-a.i 0-33 o-si 

0-55 0*88 110 1-40 1-60 -200: 3-M 1 280 

0-0-2 0-04 007 0-11 0-16 0-21 0-JS 44 

1-20 1-85 2-30 300 3 55 4 27 480 605 



0-78 l-0O; 1-27| 1-63 S 

3-30 3-i.JO 4-10 500 ( 

0-73 084] 111- 1-42 ] 

7-20 8 48 95010-8 IS 



Steam at 40°, entering with the velocity, r a =-. 30 ni. 

I'ater heated from 10° to 30° ; velocity of water, vr = OflOl n 

Condensed liquid at 15°; fl„, = 18°, B mi = 137°, = -- 45. 

Vertical tubes. 



065 115 1 80 2 50 350 
0-68 090 1-10, 1-86 1-58 
0-03 0-060-087, 018' 0-17 
0-26 0-34 0-42, 0-48 1 0-60 
HJI20021 0DH2 0015 0063 0-083 013 

094 1 24 1-55, 1-83; 218 2*50 3-05 



2010-0 ] 



1* -JJ:-> - 

0-25 0-35 i 
0-70 0-S3 



050 0-KO 0*90, 1-13 1-4 
1-70 

II-:. j 
tiJI 



i o-so 0-3O. i-: 

) liKI 1*40 1-1 
I 0-26 0-3*1 O-i 



Aqueous alcohol vapour at 80°, entering with the velocity, r-j = 2 m. 

Water heated from 10° to 6Cf ; velocity of water, v, = 0-001 m. 

Condensed liquid at 12° ; fl„ = 36-6°, 9„i = 17-4", -3 = 75. 



Vertical tubes. 



.urcond 


rated by 


lfih-.ir.in 
:ooliug 


1 lorijjfth 
/sq.m. 
I length 
)*]. in. 

if tube. ■ 


length 



78 176 310 4-80 700 96012 5 200 280 380 50 63 6 

[1-75! 113 1.50 1-S8 2-25 -MM 3-IX' H 75 4-50 3- 25 li-nO 1VT0 

■0230 1152 0-095 (115 Q-22 [)-JB 0-3S 058 0-84, 1-16 1-50:1-87 

0-7 106 l-40> 1-80: 20 2"50i 4'40 5*10 025 700 W0 (MM IM 

1)022 0050084. 13 Olil 0-25 0-51 0-SI 1-17 1-59 2-03; 2*75 3-l( 

1-45; 2-2 2*9 ! 368 425 55 74 | 89 108 123 141 167 18 
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length of pipe for the condensation is Z = 0*065 x 242 = 15*73 m. and the con- 
densing surface H c = 3*21 sq. m. 

According to Table 54, the cooling surface must be H k = 3 x 3 x 1*15 = 10*50 
sq. m., i.e., a pipe of 65 mm. diameter must be 50*8 m. long. The whole con- 
densing and cooling pipe has therefore a length of 15*73 + 50*8 = 66*53 m. and a 
surface of H* = 3*21 + 10*5 = 13*71 sq. m. 

Since it is impossible to unite all cases, some important ones, 
chosen from the great number, are alone given in Table 58. 



Observations. — Severa 


1 experiments, calculated out, are now 


given. 


— 






1 


Alcohol, 






Water. 


93 per cent. 


Water + Oil. 






i 


by weight. 




Weight of vapour, D, condensed 








i 








per hour - - kilos. 


345 


295 


3750 


139*5 


120 


315 


84 


88 


Oily matter carried in the vapour 
















kilos. 


i 








77 


326 


3 


Temperature of the vapour on 








i 






entering .... 


100° 


100° 


100° 


79° 


79° 


121° 


88° " 11 


Temperature of the condensed 
















liquid 


34° 


25° 


100° 


5° 


79° 


26° 


22° [ 2: 


Material of the cooling surface - 


brass brass 


wrought 


copper' copper 


cast 


lead .cop 








iron 






iron 


i 


Number and diameter of the tubes 


2x67 


2x67 


160x27 


21 x 5 55 x 29 


1x75 


1x50 


lx 


Initial temperature of the cooling 


















water 


10° 10° 


40° 


2-5° 


8° 


6° 


10° 


i: 


Final temperature of the cooling 


i 














water 


75° i 65° 


96° 


20° 


61° 


48° 


42° 


a 


Velocity of the cooling water ty 


0*001 1 0001 


0032 


00015 


0002 


0001 


0001 


o-c 


Actual cooling surface - sq. m. 


91 


95 


67 


6 


7 


32(a) 145(a) 


63 


Calculation. 
















Calories to be abstracted in con- 












j 
i 


densing 


185262 157341 


2130000 


32177 


68964 


170100 


45696 ! 47< 


Calories to be abstracted in cooling 


22770 


21976 


— 


7562 




13310 
2000(b) 


5540 
8476(b) 


69 

sec 


Temperature of the water at the 














i 
1 


point of condensation - 


17*1° 


16*6° 


— 


5*6° 


— 


31*5° 


25° 


i 


Mean temperature difference in 


















condensing - - - $ me 


48*6° 


55*8° 


21*6° 


67° 


42*9° 


70° 


54*8° 


7. 


Mean temperature difference in 
















cooling .... $ ink 


48° 


39-8° 


— 


20*1° 


— 


39*7° 


31*5° 


32 


Entering velocity of the vapour v d 


22*9 


19*5 


36 


2-73 


1*7 
0*5 


32*8 


29 


3 


Coefficient of transmission in 
















condensing k c 


718*5 


663 


1425 


240 


222 


855 


807 


84 


Coefficient of transmission in 


















cooling k k 


*$* 


3$JL 


— 


*%*■ 


— 


l.Q£ 


*L££ 


*! 


Cold surface for condensing - H c 


5*30 


4*26 


69 


1*96 


7*2 


3*31 


1*00 0*' 


Cold surface for cooling - H k 


4*74 


5*40 


— 


3*78 


— 


12*80 


8*88 


2*1 


Calculated cold surface sq. m. 


10-04 


9*66 


69 


i 574 

1 


72 


161 


988 


3*] 



(a) The exterior surfaces of the tubes. 

(b) The upper figures, 13310, 5540, 6864, are the numbers of calories to be 
abstracted from the water, the lower figures, 2000, 8476, 860, the calories to be 
abstracted from the oil. 
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2. Closed Surface-Condensers with Air Cooling. 

In certain rare cases the condensation or cooling is effected by 
means of air instead of water. The air is then driven over the 
cooling surfaces by artificial means (fans) or by a natural draught. 
In both cases it is in the first place necessary to know the quantity 
of air required to abstract a definite amount of heat, so that the 
dimensions of the fan and flues may be determined. 

Let L be the weight of the air in kilos., <r, = 02375 its specific 
heat at constant pressure, which is in this case always that of the 
atmosphere, t„ the initial and t„ the final temperatures of the air, C 
the heat, in calories, to be transferred, then 
r_ 



--„,fc--Q (206 > 

Thus there are required, in order to take up 100 units of heat,. 
from or by the air, if it is to be cooled or heated through 
20° 30" 40° 50" 60° 70° 80° 90° 100° C. 
2105 1403 1052 842 701 601 525 468 4-21 kilos, of air. 
The volume of the dry air, when the pressure remains constant 
(which is the case here), depends only on its temperature. 1 cub. m. 
of dry air at 0° C. and 760 mm. pressure weighs 1*293 kilos., thus. 
under these conditions 1 kilo, of air occupies a space of 
1000 „„„ ,., 
1-293 " 772 lltr68 ' 
The increase in volume of the air is proportional to the increase 
in temperature, measured from absolute zero; 1 kilo, of air at the 
temperature t,, thus occupies a space of 

■^--^aRtt 1 -^ •>*)■*-■ < 2 <»> 

Example. — At 50° C. and 760 mm. pressure 1 kilo, of air occupies a space ol 

'K'*i>)- 91S ""™' 

In Table 59 are given the volumes, a„ in litres, calculated by 
means of equation (207), occupied by 1 kilo, of dry air, at the normal 
barometric height of 760 mm. and various temperatures from - 20° 
to 400° C. Now, atmospheric air always contains some water vapour 
— at 15° C. about 05 1 per cent, of its weight. The specific heat of 
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Table 59. 

Tr:e vo]-^i«r-. a. of 1 kilo, of dry air a* tjje r.o:r:::.aI barometric height 
of 700 :ijiij. a:. 4 at •oerai.-erat-.i.:*?* from - 20 : to 400"" C. 



J* 

mm 

mm m* 

m •*** 
m^m m* 




mm ^_ 

m *"** 

— •* 


z 

- m> 

2l > 


mm ^ 

mZ 'mk 

m> 






2> 


m> 


"m^ m> 

• m- 

™ m 


"- f 




" { 


L.:r-rr. 


( 


L.;res. 


C. 




"■ c. 


Lit res. 


-20 


71*; 


00 


942 


145 


lis* 


235 


1438 


320 


1679 


-15 


730 


05 


950 


150 


1197 


240 


1452 


325 


1693 


-10 


745 


70 


970 


155 


1211 


245 


1400 


33i> 


170S 




759 


75 


9^4 


100 


1225 


250 


14VJ 


335 


1721 





l if 


SO 


999 


105 


1249 


255 


1494 


340 


1736 


i 


775 


85 


1013 


170 


1254 


200 


1509 


345 


1750 


•*> 


7-9 


90 


1027 


175 


12*3 


2'>5 


1513 


350 


1764 


10 


ry."2 


95 


1038 


ISO 


1282 


270 


1537 


355 


1778 


lo 


si*; 


100 


1050 


185 


1290 


275 


1551 


360 


1793 


20 


■*31 


105 


1070 


190 


1319 


280 


1565 


365 


1S07 


25 


847 


110 


10->4 


200 


1330 


285 


1579 


370 


1321 


30 


■y^ 


115 


1098 


205 


1344 


290 


1594 


375 


1835 


35 


*72 


120 


1112 


210 


1307 


295 


160S 


380 


1849 


40 


sso 


125 


1120 


215 


13sl 


300 


1023 


3*5 


1S53 


45 


900 


130 


1140 


220 


1396 


305 


1037 


390 


1876 


50 


914 


135 


1154 


225 


1410 


310 


16-51 


395 


1890 


tt 


928 


140 


1169 


230 


1424 


315 


1665 


400 


1905 



When the barometer is at 740 n:ii:. t'^e volume of the air is at out 
3 per cent, larger, at 780 mm. the volume i> about 3 per cent. less. 

water vapour is *r d = 0*475. about double that of air. but the small 
qua:jt.ty of vapour in the air causes such a slight increase in the 
anjo'ir,: of heat required to raise its temperature that we may neglect 
it in the present case. 

The transfer of heat between air in motion and a metal surface 
(heating surface) may be expressed by the following equation, 
according to the results of the researches of Joule and Ser and the 
work of Molier : 

A, = 2+10x7; (208) 
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in which r, is the velocity of the air in ra. per second. Thus the 
heating surface, H„ necessary for the transference of the quantity of 
heat, C, in the time, z t {in hours), with the temperature difference, tf„, is 

H "ig,- ,A( 2+ C loy,.) ■ • ■ ■ ,209 > 

The state of rest, or of motion over the heating surface, of the vapour 
or water to be cooled is not regarded in the equation (208) which gives 
the transmission coefficient, k. It is always found, however, that the 
rapidity of the circulation of vapour or water over heating and cooling 
surfaces influences very considerably the quantity of heat transferred. 
There is no doubt this would also be the case with cooling by air, hence 
we cannot regard the expression (208) as quite correct. Reliable 
researches on this point are, however, not yet known, and the author 
has no observations of his own ; it is therefore necessary for the 
present to be content with the above value for It,. It may be 
assumed that, in the experiments of which the formula (208) is the 
result, the velocities of steam and water were not very great, so that 
with a rapid motion of these substances the transference will be 
rather greater than calculation indicates. 

The temperature difference between air and heating surface is to 
be taken as the mean. If the entering and leaving temperatures of 
the water or vapour to be cooled are known, the mean temperature 
difference, 6 m , is easily found by Table 52, by supposing the cooling 
air in place of the cooling water. 

Example. — The temperature of the vapour to be c ondensed and cooled is 100°, 
C., the temperature oE the condensed liquid in to be 20° ; the air enters at 16° and 
leaves at 60° 0. Then the mean difference in temperature, according to Tablo 
52, is: 

For the period ol condensation ■ ■ K = 5G'B°. 
For the period of cooling - • • 9™* = 2G'8°. 

If the temperature difference be obtained in this way and the 
velocity of the air then fixed, then, in Table 60, calculated by means 
of equation (209), is found the cooling surface required to transfer 
1000 calories in one hour with air velocities of 1-36 m. per second 
and temperature differences of 5°-100° C. 

Finally, the section is to be determined across which the air must 
flow, which depends on the velocity given to the air. 
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If V, be the volume of air, in litres, to be sent through the con- 
denser in one hour, q the section of the air channel in sq. dcm., and 
r t the velocity of the air in m. per second, then 

V, = qv, 3600 x 10 (210) 

q = ^36500 (2,,) 

An example is calculated in order to make clear the method of 
estimating the heating surface and section of the air passage. 

Example. — 100 kilos, of steam at 100° C. are to be condensed in one hour and 
the condensed water cooled to 20° C. The cooling air is to be heated in the 
process from 15°-80° C. 

In order to convert 100 kilos, of steam at 100° into water at 100° C, 
100(637 - 100) = 53,700 units of heat must be withdrawn. 

In order to cool the 100 kilos, of condensed water from 100° to 20°, there 
must be abstracted (100 - 20)100 = 8000 calories. Thus, in all, 53,700 + 8000 = 
61,700 calories. 

The weight of air required to absorb this heat is, according to equation (206), 

L = — - .— r = ^-so=iTo^- — , ri = 4000 kilos, of air. 

<r*(//, - Ua) 0*2375(80 - 15) 

4000 kilos, of air at 15° have (Table 59) a volume of 3,264,000 litres. 

4000 kilos, of air have at 80° (Table 59) a volume of 4,000,000 litres. 

The mean temperature difference between steam and air is, according to 
Table 52, 6, no = 41 8°. 

The mean temperature difference between condensed liquid and air is, 
according to Table 52, $ mk = 25-8°. 

If we assume the velocity of the air to be 20 m. per second, then the cooling 
surface required for condensation is, by equation (209), 

tr C 53,700 oorT 

Hi = A . = ' j=^ = 28-7 sq. m., 

ZhBmk, i x 418(2 + lOv'20) 

or, by Table 60, for a difference in temperature of 40° (in round numbers), 

53*7 x 0*545 = 29 sq. m. (approx.). 

8000 

For cooling there are required ,__ = 6*64 sq. m. (or, by Table 60, 

6 l 25*8(2 + 10 \ 7 20) 

0*872 x 8000 
for an approximate difference in temperature of 25°, T(W) = ^® sc *' m *)* 

The total cooling surface is thus about 36 sq. m. 

The section, across which the air is to pass with a velocity of 20 m., is, by 
equation (211), 

Vt 3,264,000 . KO , 

* = t^3600 = 20"x-36,000 = 4 * 63 8q ' dcm ' 

A tubular heating surface of 36 sq. m., which is to have a section of 4*53 sq. 
dcm., consists of 147 tubes of 20 mm. bore, each 4000 mm. long. 
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Table 60. 

The cooling surface, H„ in sq. m., required to transfer 1000 calories 
in one hour, when cooled by air at velocities of v, = 1-36 m. and 
at mean differences in temperature of 6 m = 5°-100° C. 



ill 


Velocity of tlio air, >;, in m. per sec. 




















? bi 


1 


2 


3 


4 


9 


1G 


20 


25 


36 


e„. 


Cooling surface, in sq. m., required to transfer 1000 calories per hour. 


5 


16-66 


12-42 


10-46 


910 


6-24 


4-76 


4-36 384 


3-220 


10 


8-33 


6-21 


523 


4-55 


3-12 


2-38 


2-18 192 


1-610 


15 


5-68 


414 


3-487 


:!•<>:« 


•2 -(ISO 


1-636 


1-453 11-280 


1-073 


20 


417 


3-105 


2-615 


■3208 


1-560 


l-HHI 


1 -090 ! 0-960 


0-.S05 


25 


3-33 


2-484 


2-092 


1-820 


1-248 


0-95 ii 


0-872 j 0-768 


0-644 


30 


2-78 


2-07 


1-743 


1-517 


1010 


B-7S3 


0-727 0-640 


0-530 


40 


209 


1-503 


1-308 


1-129 


0-780 


595 


0-545 i 0-480 


u-.jo:.( 


50 


(■67 


1-242 


1-046 


0-910 


0-024 


0-476 


0-436 0-384 


n-:-:22 


60 


1-39 


1-035 


0-872 


0-759 


0-520 


897 


0-3641 0-320 


0-209 


70 


0-19 


0-888 


0-748 


OIS00 


0-446 


0-340 


0-311 10-276 


0'2i!9 


80 


1-05 


0-752 


0-654 


5H5 


0-390 


0-298 


0*273 j 0-240 


ii-'OJ 


90 


092 


0-690 


0581 


0-500 


0-347 


0-272 


0-242 : 0-214 


0- 180 


100 


0-83 


0-621 


523 


0-455 


0-312 


0-238 


0-218 0-192 


0-161 



3. Open Surface-Condensers. 

Steam at atmospheric or lower pressures, or other gases or 
vapours, are condensed in open surface- condensers ; it is rarely 
required also to cool the condensed liquid. In these condensers the 
vapour to be liquefied flows simultaneously through a number of 
parallel horizontal tubes, straight or curved, and arranged vertically 
over one another, or through vertical tubes. The cooling water, in 
a thin sheet, flows over the uppermost tube, it then flows down 
over the outside of the tubes and leaves heated at the bottom. The 
tubes are generally of equal size, but, since in the first case the 
cooling water is colder when it flows over the upper than the lower 
tubes, the temperature difference between vapour and water is 
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above than below. The upper tubes therefore condense more vapour 
and even cool the condensed liquid. The upper tubes have therefore 
a greater capacity than the lower. 

The quantity of heat, C, to be abstracted from the vapour in 
condensation is known in each case : 

C = D(c- t d ) (212) 

The requisite condensing surface, H C1 is obtained from the well- 
known equation : 

H *=S: < 213 > 

The temperature difference, m , must here be the mean difference 
calculated for the whole apparatus, as found in the ordinary manner 
by means of Table 1. 

The coefficient of transmission for copper and brass tubes may be 
taken as 

K = 750 Vv d 4/0-007 + v, (214) 

For iron tubes it is, at the most, 0*75 times as great. 

In this form of condenser there is frequently a very considerable 
incrustation on the outside of the tubes, the inside is also occasionally 
coated by slimy or solid deposits. Thus the cooling action often 
sinks to one-half or to even one-third of the original. This is parti- 
cularly the case with iron tubes, and must be considered in settling 
the dimensions. 

The initial velocity of the vapaur, v d , may be determined in every 
case from its weight and volume and the section of the tubes. 

The velocity with which the cooling water flows doicn, v /t depends 
on the quantity which is to flow in one hour over 1 in. in length of 
the apparatus, and increases with that quantity, just as in surface 
coolers. 

With a somew r hat economical consumption of water, the velocity, 
v /t of flow over the surface of horizontal tubes cannot be taken at more 

than 0*200 m., then 8/0 7 007 + v, = 0-6. 

On vertical tubes v f may be about 0-400 in., in which case 

l/O-OOfl^Vf = 0-74. 

I 
The ratio between the length and tJve diameter of the tube, t is 

obtained as in the former similar cases — the quantity of heat trans- 
mitted in one hour through the cooling surface must be equal to the 
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latent heat of the weight of vapour condensed in the tube during one 
hour. Therefore 



I 



=^ i<„ 360Oy(c - („), 
g,8600y(c- Q 



Inserting the value for k, from equation (314) we obtain 

I _ y^l-2y(c - tj) 

3 = 0, tO-007 + V, ' 
and, since for horizontal tubes t/0-007 + v t = 06 (see above), 



(215) 



Experimental Observation.—fiOQO kilos, of steam at a vacuum of 640-660 mm. 
(63-6° C.) were condensed per hour by 500 vertical iron tubes of 40 mm. bore, 
4000 mm. long. The mean temperature of the cooling water was 46°-47°, the 
cooling surface 250 sq. m. 

The amount of heat to be transferred per hour was 

C = 8000(623 - 53-5) = 4,556,600 calories. 
The volume of steam entering the tubes per second ™ 
„ 8000 x 9510 ., ,._,., 
V - = — 3600— = 21,140 litres. 

The free section of the 500 tubes amounted to 

q = 0125 x 500 = 62-5 sq. dcm., 
hence the entrant velocity of the steam was 
_2M40_ 
* 62-6 x 10 
The velocity of the cooling water flowing down the vertical tubes was about 
0-400 m., consequently the transmission coefficient, would have been, for copper, 

*„ = lEQjS&SyO-OVl + 0-400 = 3232. 
Since, however, iron tubes were used, 

fc, = 1 x 3232 = 2424. 
Tbe temperature difference was 9„ = 53-5 - 40 = 7-5°. 
Consequently the calculated cooling surface was 
„ 4,556,000 „„ 

H ° = «9TV- 7 7 fi = 2 «> n- m., 
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Table 61. 

The cooling surface, H„ of copper or brass in open surface-condense] 

the consumption of cooling water, W, and the mean temperatu 

difference, 0„, requisite to condense per hour 100 kilos, of steam 

100°, 60°, 50° and 40" C, by means of cooling water at 15°-50° < 



L 

: - 

■-■- 


1 

:■ ■ 

as 


PI" 


- 








Tem{ 
60° 


erolura of tbe steiun, ( d . 






100° 1 




60° 




40" 




Final temperature of the cooling water, (,. 




80 c 


90° 


98" 


40° 


60° 


58" 


30° 40° 


48 s 


ao 


ao" 


u 


2fi 




OK 


30 
733 
070 


2i-a 

661 

11; 


0-83 


23-4 
1600 
111 


13-6 
1350 
1-K 


27 20 
100 1 1-31 


ii-a 

17SH 
234 


22-5 
12500 
1 IS 


15-5 
4000 






7 


78 


94 


166 


24 


32 


.-,,. 


18 ; 24 


43 


14 


19 




60 


H, 


038 


0-50 


80 


D 68 


079 


1-37 


071 093 


1-66 


0-83 


115 






"J 


102 


m 


217 


S3 


44 


78 


25 1 83 


60 


23 


E7 


n 


36 


IV 
■Hi 


48-2 

s'.H.I 

055 


83-6 
786 

72 


20-8 
699 
IIS 


28-8 
MB 


21-6 
1933 
118 


12-7 
1626 


25 
5900 
105 


18-3 
2950 
1-40 


10*3 
2110 

255 


z 


144 

earn 

1 85 
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76 97 
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26 


36 


(in 


19 


27 


48 


— 


21 




« 
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039 051 


082 


Oft* 


084 


1-44 


074 


1-00 
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— 


1-31 
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106 J 13S 


221 


36 


SO 


84 


27 


37 


67 


- 


29 


M 


as 




42 ' 33 

itsi -HKl 

S7j 73 


19f 
740 
1* 


26-6 

3S70 

MM 


20 
2320 

1-28 


III 
176C 
2-M 


22-5 

1 1-SI K.I 

115 


16-6 
3930 
1-ffi 


9-2 

-Y-il 

285 


- 


12-3 
12500 

216 






-^■ 


78 I 99 | 165 


B9 


30 66 


22 


31 


54 


— 


36 




60 


H, 


041 


56 88 


0-71 


0-91 


1 GO 


082 


1 10 


2 02 


— 


153 






~d 


109 


139 1 231 


40 


61 


02 


30 


48 


75 


- 


35 


30' 


21 




40 
1080 

CM',0 


31 1S-S 

■'1-7 mi,i 

0-79 127 


24-6 
6800 
105 


18-3 
2900 
141 


HVi 
207! 
247 




5900 
1-82 


7-8 

rlLfSII 

3-S6 


- 


- 






-j- 


82 


10ft ; 176 


81 


41 


76 


— 


33 


66 


— 


— 




50 


ff. 


0-43 


0-56' 08S 


075 


100 


1 71 




1-29 


i a 


— 


— 






= 


114 


140J 245 


43 


67 
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— 


46 


•<\ 
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Table 61 — (continued). 
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Cooling surfaces of iron mnst be at least 1-33 times as great. 
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The annexed Table 61 gives for a number of cases the requisite 
cooling surface (in copper tubes) for the hourly condensation of 100 
kilos, of steam at different pressures, which enters the tubes at 
velocities of 25 or 50 m., and for cooling water at 15°-50° C. 

Generally the condensed liquid does not leave the condenser 
much colder than the steam ; if, however, the condensed liquid is 
intended to be cooled considerably, the cooling surface must be 
correspondingly increased. 

The consumption of cooling water, W, given is the theoretical. 
In practice, on account of evaporation, it would be 3-5 per cent. less. 



CHAPTER XXI. 
HEATING LIQUIDS BY MEANS OF STEAM. 

A. Steam Heating Coils or Systems of Tubes in the Liquid 
to be Heated, 

1. The Liquid is not Changed. 

The heating of liquids by steam has already been mentioned (Chapter 
VIII.). The steam used for heating liquids (if it is not superheated, 
a case which is rare and therefore remains untreated here) must 
condense, and sometimes the condensed water must be cooled. The 
weight of steam required to heat a given quantity of water through a 
given range of temperature can always be found. On that account, 
and because it is convenient to the course of our subject, we proceed 
to the calculation of the requisite heating surface by first deter- 
mining the weight of steam required for heating and thence the 
surface requisite for its condensation. 

The weight of steam, 1), required to heat F kilos, of a liquid of 
specific heat, 07, from t n to l^, is 

Example.— In order to heat F ' = 100 kilos, of water from 30°-9O= C, there are 
required 100(90 - 30) = 6000 calories. 

Assuming the condensed water escapes at the mean temperature of the water, 

"t n = — 4 — = 60°, then 1 kilo, of Bteam gives up 640 - 60 = 580 calories, 

and D = -^ = 10S46 kilos, of steam are required. 

The difference in temperature between the steam and the liquid 
decreases during the process of heating ; it is clear from previous 
explanations that the mean temperature difference is determined 



(216) 
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from the greatest difference at the beginning, 0«, and the least at the 

end, 0, (Chapter L, Table 1). 

Example. — II the steam is at 100° C, with the data of the last example, 
§ m = 100° - 30° = 70°, #, = 100° - 90° = 10°. Consequently 

* - * - 0-148 

The mean temperature difference is then, from Table 1, 

9 m = 0-4420. = 0442 x 70 = 3(h94 c C. 

Table 62 gives the number of units of heat required to warm 100 
kilos, of water under different conditions, also the consumption of 
steam and the mean difference in temperature. 

If the warming vessel is to be provided with coils or systems of 
tubes, through which the heating steam passes, its entrant velocity, v dt 
can generally be selected (30-40 m. for coils, 10-20 m. for short vertical 
tubes, would be suitable). From this and the hourly consumption of 
8 team, Z>, the proper diameter of the coil or tubes can be ascertained 
by means of Table 55. 

The diameter of the tube, the temperature difference and the 
entrant velocity, all of which are known, then give, by means of 
equation (205) and Table 57, the necessary length of tube, and thence 
the cooling surface, H tt if the velocity of the liquid about the tube is 
known. If this velocity is unknown, the smaller value of k t from 
equation (217) should be inserted in the expression : 

H - C 

If the liquid is not driven artificially over the heating surface, the 
rapidity of its motion about this surface increases with the rise in 
temperature. The real extent of this velocity depends then on the 
form and dimensions of the surrounding vessel and the arrangement 
of the heating surface, which naturally is placed at the bottom. 

The mean velocity of the liquid over the heating surface, in 
heating without stirrers, may vary in different cases approxi- 
mately between v f — 0*02 and 0*300 m. The smaller figure is for 
large vessels and liquids at low temperatures, below 60° C. ; the 
larger figure for small vessels and liquids at higher temperatures, 
60°-100° C. 

The coefficient of transmission should be taken in this case of 
steam coils, used for heating without stirrers, as 

K = 225 J7 d to 450 s/v~ (217) 
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Table 62. 
The requisite number of calories, C, weight of steam, D, and mean 
temperature difference 8 m , between steam and water, for 
heating 100 kilos, of water from the temperature, t,„ to the 
higher temperature, t fr 
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The section of the steam valve may be determined by the aid of 
Table 14. 

When the motion of the liquid is artificially accelerated by stirrers, 
its velocity can in some degree be determined, it will be 1-3 m. A 
higher velocity is without advantage, for the transmission of heat 
does not then increase to any great extent, whilst the power required 
increases considerably. The stirrer should naturally be, as far as 
possible, constructed so that it always conveys fresh liquid to the 
heating surface. 

The coefficient of transmission for the heating of thin liquids by 
steam in copper tubes, with stirrers, is 

&. = 750v / ^V6W~+~r, (218) 

The true velocity of the liquid obtained by means of a stirrer is 
not easy to estimate, either before or after the construction of the 
apparatus. 

The application of a stirrer is still more necessary in heating and 
cooling thick sticky masses than with thin and readily mobile liquids. 
The former cannot be brought into rapid circulation even by very 
unequal heating. A stirrer is also necessary in the case of those 
liquids which would be damaged if their particles were heated almost 
to the temperature of the hot surface. 

Exam f>le. — 5000 litres of water are to be heated in one hour from 20° to 80- C. 
by steam at 100° by means of a heating pipe. 

According to Table 62 there are required for this purpose 50 x 6000 = 300,000 
calories and 11 x 50 = 550 kilos, of steam. The temperature difference is 43° C. 

The entrant velocity of the steam is taken at 40 m. The diameter of the 
heating tube must be 90 mm., for, from Table 55, 13*9 x 40 = 556 kilos, of steam 
pass through a pipe of 90 mm. bore in one hour. 

If there is no stirrer iu the vessel, the probable velocity of the water about 
the heating pipe may be assumed to be 0*020 m. Then we obtain the necessary 
length of pipe from Table 55. 

/ = 194 x 0-090 - 17*46 in.. 

and the heating surface, 

H,= dvl = 4-92sq. m. 

The steam valve should be 65 or. better. SO mm. wide. 

If a stirrer is applied in the heating vessel, and it moves the liquid with a 
velocity of 1 m. over the hot surface, then, with the other conditions the same, 

according to Table 57. the ratio, , = 66. Consequently i = 66 x 0-090 = 5-94 m. 

and hence the heatiug surface. H = 1*69 sq. m. It will be observed that a stirrer 
considerably decreases the necessary heating surface. 
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2. A Continuous Current, in and out, of the Liquid to be heated. 

If the liquid to be heated flows continuously in ami out, its 
velocity, v„ over the heating surface is known. Also the entrant 
velocity of the steam into the heating space is known or can be fixed. 
If all the steam introduced into the heating space is not condensed 
there, but a portion passes out, then in the equation for k, the sum 
of its velocities at entering and leaving is to be inserted. This equation 

ft, = 750 Jv t #0-007 + i>. 

From the constant difference in temperature at the entry and 
exit of the liquid, the mean temperature difference, 6,„. is obtained 
from Table 1. 

The quantity of heat to be transferred is 

C = FvjUm ~ W (219) 

and the heating surface 

H - C 

The consumption of steam, according to equation (216), is 

D - Fw #»- y (220) 



Example,— 20,000 litres of water are to be heated per hour from 10°-G0° C. ; 
the water flows past the heating surface with the velocity, V t = 0-20 m. The 
steam is at 3 atmoa. absolute. 

In one hour C = 20,000(60 - 10) = 1,000,000 calories are to be transferred, 
20 000(60 — 10) 
for which D = ! ^_ -^- = 1627 kilos, of steam are required. 

o«-(!»±i2) 

The steam is at the temperature, U = 134° C. (130° is used instead). 
The temperature difference at the beginning is 0. = 130° - 10° = 120° ; 
The temperature difference at the end is *, = 130° - 60" = 70° ; 
thus the mean temperature difference is 

(by Table 1, since „' = j™ = 0-688) •„ = 0-77 x 120 = 92-4°. 



= 750 -J20 v'0-007 + 0-200. 
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consequently the heating surface, 

„ 1,000,000 KAK 
H < - 92.4-^-1984 - 6 * 45 **' m ' 
In order to admit 1627 kilos, of steam per hour at a velocity of 20 m., according 
to Table 55, 7 tubes of 50 mm. bore, and with a heating surface of 5*45 sq. m., are 
required. Each tube must therefore be I = 5 m. long. 

B. Steam Vessels with Double Bottoms. 

If a liquid is heated, not by steam coils, but in a vessel with a 
double bottom, then neither the velocity of the liquid nor that at 
which the steams enters is known. It is necessary to fall back on 
equation (52) for the heating surface, when there is no stirrer : — 

H * = 1400 to 18OO0 m (221) 

If the double-bottomed vessel is provided with a suitable stirrer, 
then the expression for estimating the heating surface is 

H ' = 3500F m (222) 

Example. — 2000 litres of water are to be heated from 10° to 100° C. in one hour 
by means of steam at a pressure of 1 atmos. (121° C.) in a double-bottomed vessel. 

According to Table 62, 20 x 9000 = 180,000 calories are required, and the 
temperature difference is 52°. The necessary heating surface, without a stirrer, 
is therefore 

"- • isS to rSr°52 = 2 " 48 to : - 93 ■«■ m - < about *» "»• -■>• 

If the vessel has a diameter of 1600 mm., then the surface of the double 

bottom is about 3 sq. m., consequently the 2000 litres will, on the average, be 

, . , . 60 x 2-25 ._ . . . 
heated in - - <= — =45 minutes, 
•j 

If the double vessel is provided with an efficient stirrer, the necessary heating 

surface is 

_, C 180,000 . . , 

"• - 3500^ = SMOTE = ab ° Ut ] 8q ' m - 

The same vessel will then heat the 2000 litres of water in about 20 minutes. 

Thick, syrupy or pasty masses are heated much more slowly. 

C. The Liquid to be Heated Flows Through Tubes around 

which is Steam at Rest. 

Steam is hardly ever completely at rest, but we understand in the 
following pages by steam at rest, steam which moves in a definite 
direction with a lower velocity than 0*5 in. per second. 
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Table <>3. 

pptT heating suifaces required to heat per hour 1000 litres of 
water at 10" or 2/V to 50-90' C, moving through tubes with the 
velocity 01-0-4 m., by means of steam at rest at a temperature 
of 80°, 90°, 100°, or 120" C. 
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If the liquid to be heated is passed with the velocity, v„ through 
tubes, whilst the steam moves round the tubes with its slight velocity! 
then the transmission coefficient for copper tubes and thin liquids 
may be taken as 

k, = 750 ^0-007 + o, (223) 
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so that the requisite heating surface is 

H,= --,? (224) 

B m 750 ^/0007 + v f l ' 

For thick liquids k t is about 10-15 per cent, lower, H, consequently 
about as much greater. 

For iron tubes k e is about 15 per cent, lower. 

The temperature difference is obtained in the ordinary manner, 
by Table 1, from the temperature of the steam, which is generally 
constant, and the initial and final temperatures of the liquid. 

If the liquid is sent simultaneously through a considerable number 
of (vertical) tubes, round which the steam passes, if only at velocities 
of 0*5-1 m. per second, the efficiency of the heating surface is greater, 
and may easily be in this case 1*5 times as great as with steam at 
rest. 

The next, Table 63, gives the temperature differences and requisite 
heating surfaces for a number of cases. The figures given for steam 
at 80° and 90" C. apply also to aqueous alcohol vapour of 86 and 58 
per cent, strength by weight respectively. 

Experimental Example. — 5890 kilos, of wort were heated in one hour from 
81° to 49° C. by aqueous alcohol vapour at rest (velocity about 0*3 m.) at a 
temperature of 79-1° C. The wort was passed with a velocity of 0*205 m. through 
a copper pipe, with a bore of 100 mm. and the heating surface, H, = 6*9 «q. m. 

The specific heat of the liquor being taken as oy = 1, there were to be trans- 
ferred in one hour 

C = 5890(49 - 81) = 106,020 calories. 

The temperature difference at the beginning was $ a = 79*1° - 31° = 43*1°. 

The temperature difference at the end was 0, = 79*1° - 49° = 30*1°. 

$ 80*1 
Then -£- = ^jq = 0*025, accordingly, by Table 1, the mean temperature 

difference is 

$„, = 0*8 x 48*1 = 38*48°. 

The coefficient of transmission is 



k, = 705 v'0-007 + 0-205 = 447*75. 

The calculated heating surface is therefore 

„ 106.020 

H * = 38*48^ 447*75 = fa ' 15 ^ m ' 

On account of the thickness of the liquid, 10 per cent, is to be added, which 
gives 6*15 + 0*615 = 6*8 sq. m., which agrees well with the actual heating surface. 



CHAPTER XXII. 

THE COOLING OF LIQUIDS. 

There are various different methods for cooling liquids, in most of 
which the liquid is cooled by the consequent heating of the means of 
cooling. Thus the consideration of the cooling of liquids may also 
nerve for the operation of heating, for which what is about to be said 
may also be useful. 

Liquids may be artificially cooled by the following methods : — 

A. By the direct introduction of ice. 

B. By the direct addition of eold to hot liquids. 

C. By the evaporation of a portion of the liquid without the 

application of heat. 

D. By flowing over metal surfaces which* are in contact with a 

colder liquid (surface or closed coolers). 
B. By flowing free over surfaces which are in contact with the 

colder liquid on the other side, by which means the 

surrounding air takes up a portion of the heat (open 

coolers). 
F. By contact with metal surfaces which are traversed by cold 

6. By spreading out and dividing the liquid in the open, and 
subjecting it to the action of air in natural or artificial 
motion (as in cooling water). 
These methods of cooling will be dealt with in turn. 

A. The Direct Introduction of Ice. 

This method of cooling is only employed when it is desired to pro- 
dace very low temperatures. The ice employed is generally only a 
few degrees below 0° C, its heat of liquefaction is 79 calories. Having 
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regard to its specific heat (o\ = 0*504) for the 2°-3° through which it 
must be heated before melting, it may be assumed that each kilo, of 
ice in melting to water at 0° C. takes up 80 units of heat. If t fa and 
t fr be the temperatures of the liquid before and after cooling, and 
o> its specific heat, then the amount of heat to be withdrawn is 

C = F<rti f a - y (225) 

The weight of ice to be used is 

E -^mrrf 1 (226) 

In order to cool 100 kilos of water from 

10° 9° 8° 7° 6° 5° 4°C. 
To 5° C.Uhere are required j 5-9 48 36 2*4 1'2 — — 
To 2° C. J E kilos of ice (9-8 8*6 7*4 6-1 4-9 37 2-44 

B. The Direct Addition of Cold to Hot Liquid. 

If F k kilos, of a cold liquid at the temperature, t^ be added to 
F w kilos, of a warmer liquid, of the same specific heat, at the tempera- 
ture, t f19y the temperature of the mixture is 

'"* ~ F w + F k {227) 

Example. — F w = 100 kilos, of water at t /w = 80°, and F k = 200 kilos, of water 
at tn = 20°, give 

F w + Fa = 300 kilos, of water at the temperature 

_ 100 x 80 + 200 x 20 _ 
tm ~ 100+200 ~ 4U ' 

C. Cooling Liquids by Evaporation. 

Liquids are best cooled in this manner by bringing them into a 
vacuum. If a space be provided over a hot aqueous liquid, in which 
a lower pressure is maintained than corresponds to steam at the 
temperature of the liquid, the latter is cooled down to that tempera- 
ture, the steam at which corresponds to the pressure over the liquid, 
the heat of the liquid given out in falling from the original tempera- 
ture to the lower being utilised in the formation of steam. The 
temperatures of steam (and also of liquid) corresponding to every 
degree of vacuum are to be obtained from Table 9. 
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If the weight of liquid, F m at the original temperature, t,_, 
cooled in vacuo to (,„ then the weight of steam evolved is 

D = ^^L (a! 

640 - s "±ls 
whence we obtain the following small table : — 
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8-33 
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D. Cooling a Hot Liquid by means of a Colder Liquid. 

The cooling of a hot liquid by another colder liquid, or, what is 
the same thing, the heating of a cold liquid by a hot one, may be 
effected in two different ways, viz. ; — 

1. By sending the two liquids continuously in opposite directions 
(counter-currents) with the highest possible velocity over the common 
wail of separation. 

In this method the warm liquid falls through straight or bent tubes 
(coils) or channels, whilst the cold liquid rises in the surrounding 
vessel or in a surrounding tube concentric with the first, or rises, 
whilst being warmed, in a channel surrounding the first. 

If we put o-„ for the specific heat of the warm liquid, a t for that of 
tna cold, («. and („ for the temperatures of the warm, ( ta and („ for 
the temperatures of the cold liquid, then the quantity of hea' to be 
transferred is 

C = Fjrjt^ - O = F^t* - t,») . (229) 
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neglects the thickness of the diaphragm (of little influence because of 
the thinness and high conductivity of the metal), is 

*.- ; _ 3 °° — ■ ■ ■ • PU 
1 + 6 v'tv, + 1 + G s/5£ 
in which v n and iy, are the velocities of the two liquids. 

In order to allow for the furring of the pipes, which is never 
wanting in practice, we shall take, in estimating the coefficient of 
transmission, k„, for practical purposes, the expression 



200 



1 



(232) 
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ie length of a cooling pipe of 10-70 mm. diameter, when its internal 
surface is 0-25-7 sq. m. 
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ngths of tube, I (and thence the cooling surface), required to cool 
ie volumes of liquid, V„ given ia column 3 (in this case water: <r = 
s = 1) from the initial temperature, t„. to the final temperature, 
„ by means of cooling water at the different initial and final tem- 
;ratures, (,., and t„„ and of different velocities, v / = 0'02-0*4 m. 

This Table 66 is calculated by means of equation (235). The 
try great number of the possible variationsof all cases has permitted 
lly a, restricted selection of variables. The table shows that, if the 
pe is not to be too long, the velocity of the liquid to be cooled may 
lly be low. Therefore, in the case of a large quantity of liquid, many 
irrow pipes, arranged parallel to one another, must be used in place 
one long pipe. 

If it is expected that the cooling surface will be very clean, 
ie number of tubes found from Table 66, or their lenjj-th, may be 
minisbed by about 25 per cent. 
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Iron tubes must be about 20 per cent, greater in number. In 
cooling thick liquids the same increase is necessary. 

If the specific gravity and specific heat of the liquid to be cooled 
are not equal to unity, but are s and <r respectively, the number of 
tubes is to be multiplied by s<r. 

Example. — 2000 litres of water are to be cooled per hour from 80° to 30" C. by 
means of cooling water which becomes heated from 15° to 60° C. The velocity 
of the warm water is 0*02 m., that of the cold water 001 m., the cooling pipe is 
to have a diameter of 20 mm. 

According to equation (229) the amount of heat to be transferred is 

C = F^^t^ - t„) = 2000 x 1 x 1(80 - 30) 

= 100,000 calories. 
The volume of cooling water is 

i- c 100,000 oooor , 

*" = TZ^i;., = 65^15 = 2222 lltres - 

Through a tube of 20 mm. diameter there flow in one hour at TV = 0*02 m. 

2000 
per second, according to Table 66, 22-6 litres. There must therefore be ^^= = 

89 tubes. 

The length of each tube is obtained from equation (235) : 

I = £^9^,0001^ - t„), 
in which, by equation (232) and Table 64, A* = 170. 

on _ -ik ik 

Now qq— gQ = 25 = 075, therefore, by Table 1, 

0,„ = 0872 x 20 = 17-44°, 

0*09 
thus I = ~^-„- . . 900,000 x 0-02(80 - 30) = 607 m. 
170 x 17-44 * ' 

The cooling surface is therefore H = 89 dl = 35'8 sq. m. # 

If 2000 litres of alcohol (86'3 per cent, by weight), for which v m = 0*7 and 
s w — 0*8, are to be cooled under the same conditions of temperature as above, 
then 

C = 100,000 x 0-7 x 0-8 = 56,000 calories. 

therefore F k = ^~^ 5 = 1244 litres. 

The number of tube is, as above, 89. 

The length of each tube, / = 607 x 0*7 x 0*8 = 34 m. 

The cooling surface, H k9 is about 19 sq. m. 

Experiment. — Hentschel's wort cooler. A hollow spiral (conveyor) of 350 
mm. diameter turns in an open trough of about 360 mm. diameter at 40-45 
revolutions per minute, and carries the wort from end to end. The cooling 
water flows in the hollow spiral in the opposite direction to the wort in the 
trough. 
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2800 litres of warm wort were in this way cooled by means of 11 sq. m. ol 
cooling surface from 58-6° to 16-25° C. in *5 minutes by 2100 litres of cooling 
water, which wu heated from 10° to 40° C. 

Now, I. - 58-8 - 40 = 18-8° 
6, - 16-25 - 10 = 6-25°, 

Therefore, by Table 1 the mean temperature difference is 
9„ = 0-588 x 18-8 - 10-96°. 
/( wu observed, in regard to the wort, that 

, 4 x 2800(58-8 - 1625) , , ,„. 
kl = 8x14x1096 = ab0Ut 1085 ' 
or in regard to the water: — 

. i x 2400(40 - 10) . , „,„ 
*' "^ 14, 10-96 - ab0Ut6aL 
The velocity of the wort over the cooling surface is 

0-850 . it . 45 „ , , , 

n = " ~ 2 x 60" = m ' per Beoond - 

The velocity of the water is equally great, but there is to be added to it the 
velocity in the hollow spiral, which is, if the section of the spiral be 0*15 sq. 

* ~ 60 x 6O?8O -lTTT0 " ftbout °' 6 m - »* tec0ai - 
Thus the water is carried with a velocity of 0-41 + Q-60 = 1-01 m. over the 

n for the water, calculated by equation (232), ia 
— - = 572 (appro*.). 

l + Sx'oli ' l + Sv^RS 

This result agrees with the observed coefficient k t = 626 with sufficient 
accuracy, since the metal surface is always kept clean by the wash ol the liquid, 
and the coefficient thus somewhat increased. 

The transmission coefficient for the wort appears to be considerably higher, 
because it is in contact with the air and is thus cooled by evaporation to a con- 
siderable extent, which is the advantage of this method of cooling. 

It) refrigerating machines the exchange of heat generally takes 
place at a low temperature ; for this reason, and because the liquids 
used are not always as mobile as water, the coefficient of transmission 
appears to be somewhat lower. H. Lorenz (Zeits. f. d. gesammte 
Kalteindustrie, 1897, Heft 9) found, for liquid carbonic acid which 
was cooled in an iron pipe from 34-58° to 21-61° C. by means of water 
which became heated from 99° to 21-61° C, k, = 105. In another 



314 EVAPORATING AND CONDENSING APPARATUS. 

case, when the liquid carbonic acid was cooled from 19-45° to 11*8° C, 
and the cooling water warmed from 9*9° to 11*08°, k k w r as 125 (when 
the real mean temperature difference was used in the calculation). 

2. The second method (discontinuous or periodic) consists in bring- 
ing the whole quantity of liquid to be cooled at once into a vessel 
and allowing the cooling fluid (usually water) to flow round the 
external walls of the vessel, or through pipes or plates, at rest or 
in motion, until the liquid is sufficiently cooled. The operation is 
shortened if the liquid to be cooled is moved artificially at a fair speed 
over the cooling surface or the cooling surface is moved through the 
liquid, since the very small differences of temperature existing at the 
same time in the liquid cause only a slow circulation. The amount 
of heat to be extracted from the weight of liquid, F^ which is cooled 
from t„ t to t WJ and thus to be taken up by the cooling agent is 

C = * W~ -U (236) 

The cooling surface required for the transfer of this amount of heat is 

C C 

Hk = w:r 200' r • • (287) 

7 ~i- - - -r~ ;*- 

1 + 6 Jv n 1 + 6 N /t^ 

If we assume that a uniform temperature prevails throughout the 
warm liquid at any instant, so that all portions take a regular part in 
the cooling, then the mean temperature difference between the liquid 
and the cooling medium diminishes continuously, the latter being 
heated from its constaut initial temperature to a final temperature 
which decreases during the progress of the operation. 

The mean temperature difference at the beginning, d, M , is obtained 
from the greatest and least temperature differences between the warm 
liquid and the cooling medium at the beginning, rtl and $ el . The 
mean temperature difference at the end, $ mr , is obtained from the 
greatest and least temperature differences at the end, 6^ and $^. 

The true mean temperature difference, 0,„, for the whole operation, 
is obtained from the two mean temperature differences at the begin- 
ning and the end, $, M and 6 tHe . 



By means of Table 1, ^- gives the mean temperature difference 
of the beginning : $ wa = a6, tl ; similarly, ?~ gives the mean tempera- 
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ture difference at the end : $ m , = fi&, 2 . Finally, -~ gives the true 
mean temperature difference : 

0„ = y<L. = yaB, x (238> 

When the true mean temperature difference, 6,„ ia found, and also 
the mean temperature, r„ of the warm liquid calculated in the well- 
known simple manner, then by subtraction the mean escape tempera- 
ture of the cooling water is found ; i„ = t m - m ; from thiB the mean 
increase in temperature is obtained : t,„ — t b - t u , and thence the 
weight' of cooling water requisite to extract the quantity of heat, C : — 

w -£,-I^r^ < 239 > 

If we now arrange that the ratios =-- and /* are equal, i.e., that 

a = /?, the calculation and explanation are simplified. We Bhall 
therefore now assume that the ratio of the temperature differences at 
the beginning is equal to the ratio of the temperature differences at 
the end — a very good and natural condition. 

In order to estimate the necessary cooling surfaces we still require 
to know the velocities of the liquid and the cooling water, v n and v n . 
The former may be taken at about 002 m. if there is no stirrer and 
the cooling surfaces are favourably arranged. 

If the cooling vessel be provided with a stirrer it may be arranged 
so as to give the mass a velocity of 1 m. or rather more, but not 
more than 3 m. 

The velocity of the cooling water, when it flows through pipes, 
may be determined by means of Table 66. It will generally be 
very low. 

Example.— 2000 litres of water are to be cooled in 1 hour from 80° to 20" C. 
by water at 10° C. which ia to be heated at first to GO". 
The quantity of heat to be transferred ia 

C = 2000(80 - 20) = 120,000 calories. 

The mean temperature difference at the beginning is, by Table 1, 

(—fc-BrS-B—) 

9™ = 0-576*., = 0-675 x 70 = *0-26°. 
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At the end, 



( since - < " s is to be equal to - l ) 



e. M , = O'5750„ 2 = 0-575 <20 - 10) = 5*75°. 
The true mean temperature difference is therefore 

Bute 5*75 



( 



s,nce a~ = mi = 014 " j 

W = 0-575 x 0-441 x 70 = 17*7 C . 
The mean temperature of the liquid is 

( 8inCe /~ = 80 = * 25 j 

^ = 0-544 x 80 - 48-52°. 

Consequently the mean temperature at which the cooling water leaves is 

f fa = 43-52 - 17-7 = 25-82°. 

Now t tm = 25-82 - 10 = 1582°, 
and C = 2000(80 - 20) = 120,000, 
therefore W = 7580 litres. 

If the water flows through the pipe with a velocity of 0*1 m., and if the 
-stirrer gives the liquid to be cooled a velocity of 1 m. over the cooling surface, 
then, by Table 64. k k = 408. 

The requisite cooling surface is therefore 

C 120,000 

Hk = -, -*,- = TT^i ttts = 16*7 sq. m. 

k k m 408 x 17-7 ^ 

Since the velocity in the pipe is to be 0*1 m., the cooling surface may con- 
sist of: — 

1 tube of 160 mm. diameter, 33*4 m. long. 
4 tubes of 80 „ „ 167 

8 ,, 57 ,, ,, 11*7 ,, 

18 „ 40 „ „ 8-4 

The desired data for a few cases are collected in Table 67. 

Experiment. — In the mash-tun of a distillery, with 8-4 sq. hl of cooling 
surface in the shape of brass tubes of 45 nun. bore and 48 mm. external diameter, 
3000 litres of wort were cooled in 105 minutes from 62-5° to 16-25° C, bv means 
of 9632 litres of cooling water (91*73 litres per minute) at 10-62° C, which was 
heated to 50° at the commencement, to 13-4° at the end. 

The average velocity of the water in the cooling pipe was 0*877 m. ? that of 
the wort over the cooling surface about 0*85 m. per second. (Tub 2300 mm. in 
diameter, stirrer gives 30 revolutions per minute, hence its mean velocity is 1*7 
m. The motion of the liquid moved by the stirrer was assumed to be half as 
great.) The wort lost 3000 (62-5 - 16*25) = 138,750 calories. The water gained 



discontinuous cooling. 
Table 67. 



Discontinuous (periodic) cooling. Mean temperature difference, fl_, 
mean temperature of outflow of cooling water, t^, the requisite 
quantity of cooling water, \V, and cooling surface, H t , for 
velocities, of the liquid of 1 m., of the cooling water of 01 m., 
in order to cool 100 kilos, of water in one hour. 
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9632 * 121 ~ 116,547 calories. The difference. 138,750 - 116,547 = 22,a 
calories, was lost by radiation and evaporation. 

The mean temperature difference was S„ = 12-03", hence the ob$rrred e 
efficient of t: 



The ail cubi tr il coefficient o 



116,6: 



•5 calories. 



— = 056 calories. 



l+6s'0-H77 14 
The agreement is sufficiently good. 
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E. Open Surface-coolers, 

Many hot liquids tire cooled by allowing them to flow down, 
exposed to the atmosphere, over metallic surfaces, on the other side 
of which pusses cold water. This form of apparatus is here called 
the ojten surface-cooler. Its cooling surfaces consist of straight or 
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bent tubes arranged one above the other ; the section of a tube is 
circular, oval or approximately triangular. More rarely plane surfaces, 
vertical or inclined, or vertical tabes, are used. 

The liquid flows down over the cooling surface with various veloci- 
ties, which increase with the smoothness of the surface, the height 
of flow, and with the quantity of liquid which flows in unit time over 
unit length of the apparatus, i.e., with the thickness of the flowing 
layer. The velocity decreases with the inclination of the surfaces to 
the horizon and with the consistency, thickness or viscosity of the 




Over smooth plane vertical surfaces, the height of which is 

1 2 3 4 m., 

the mean velocity at which 

water flows down is about 0'5-07 0-6-0*9 0*8-1-1 0-9-1-3 m. 
The quantity of liquid, which flows down in one hour over 1 m. 
length of the cooling surface, may be greater in larger apparatus than 
in smaller. With an apparatus which can cool in one hour 

100 300 500 800 1000 2000 3000 (or more) litres, 
there may flow 
over a length 
of 1 m. in 

one hour 125 300 390 420 550 700 800 litres. 

The cooling water enters below and leaves above ; it is desirable 
that it should pass through the cooling tubes with a tolerable velocity, 
which may be about 05 mm. in small apparatus, 1-0 m. or more in a 
large apparatus. 
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Table 68. 

The copper or brass cooling surface, H t , in gq. in., and tlie cooling 
water, It", in litres, for open surfiice -coolers, required to cool 
F„ m 100 kilos, of aqueous liquid in one hour from („, = 100°- 
30" C. down to („ = 30°-3° C, by means of cooling Water at 
t*. = 2°-15° C. 
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DIMENSIONS OF OPEN COOLERS. 
Table 68 — {continued). 
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The cooling action of this apparatus is generally very good, because 
he thin layer of liquid greatly favours the transfer of heat, and 
>ecause the velocity of both liquids — the cooling and the cooled — 
nay be greater here than in closed coolers, since the air itself 
.akes up heat and by evaporation accelerates the cooling, and, finally, 
>ecause the surfaces are easily accessible and can therefore always 
>e kept clean and active. A small amount of the heat is also lost by 
-adiation. 

As a rule, open coolers are placed inside the works, and ocoa- 
liocally air is blown over the surfaces in order to increase the 
sooliug action. The surrounding air rises very slowly over the 
■quid, with small coolers and not very warm liquids, at a velocity of 
)-2-03 in. ; with higher apparatus and warmer liquids, at about 1 m. 
xiv second. The air is heated approximately in proportion to the 
:emperature of the liquid to be cooled, and, in proportion to the 
legree of heating and its original amount of moisture, it takes up water, 
is will be described in treating of cooling water. The liquid loses by 
evaporation 1-3 per cent, of its weight, according to circumstances. 
21 
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There are no reliable experimental figures as to the heating of 
the air and its evaporative effect in this form of cooler ; it is therefore 
necessary to calculate the quantities of heat taken up by the air and 
by the cooling water separately in open surface-coolers. It would 
appear that the heat given up to the air is approximately proportional 
to the mean temperature difference between water and air. 

The hotter is the liquid to be cooled when it reaches the cooler, 
the better the apparatus works, since then a tolerable quantity of 
heat ALtaken up by evaporation. It is of considerable importance to 
the codling capacity that the liquid should flow down quietly over the 
whole (jnrface, without splashing. It will be assumed that in this 
case the coefficient of transmission, k k = 1000. The amount of 
moisture in the surrounding air also affects the cooling action. 

Experiments. — 1. An open surface-cooler with a cooling surface of 13*4 sq. m. 
cooled 2600 litres of beer per hour from 70° to 13° C. by means of cooling water at 
10°, which left the apparatus at 33° C. This gives k k = 800. 

2. A similar apparatus with a surface of 13*5 sq. m. cooled 3500 litres of beer 
per hour from 70° to 18° C. by means of cooling water at 15 3 C, which flowed 
away at about 40° C. This gives k k = 1010. 

3. A similar apparatus with a surface of 20 sq. m. (16 tabes of 55 mm. ex- 
ternal diameter and 4200 mm. long = 11*5 sq. m., fed by water at 8*75-25°, plus 
12 tubes of the same size = 8*66 sq. m., fed by ice- water at l°-7'5° C.) cooled 6000 
litres of beer per hour from 43*7°-6 :> C. The temperature of the beer at the 
outlet of the ice- water was 14*1° C. This gives for the 11*5 sq. m. k k = 1000. for 
the ttM sq. m. k k = 670. 

Aft a result of these and other similar experiments not given here, 
we assume that it is permissible, in estimating the necessary cooling- 
surface of open coolers, to take 

k k = 1000 (240) 

and thence the surface required to abstract G calories is 

**-flH0EI. < 24,) 

This expression is applicable to copper and brass cooling tubes, 
cooled by water, and to thin warm liquids. 

If the original temperature of the liquid is low, say under 15° C, 
we may only take 

k k = 700 (242) 

If the cooling surface is of iron, then for warm liquids k k = 800. 
If the liquid to be cooled is somewhat thicker than water, H k must 
be increased by about 20 per cent. 



COOLING WATER BT AIR. d23 

Table 68, which is clear without further explanation, has been 
compiled in this manner. 

Example.— In one hour F„ = 1000 kilos, of an aqueous liquid at l„ = 80° C. 
are to be cooled to /„ ■■ 17°. The cooling water is at 15", and is to flow away at 
60° 0. 

Now, t h = 1, C = F{t„ - l„) = 1000(80 - 17) = 63,000 calories. 

The greatest temperature difference is : 9„ = 80° - ra° = 20°. 

The least temperature difference is : 9, = 17° - 15° = 2°. 

Since ■'■="., 0-1, it follows, from Table 1, that j. 

Thus the necessary cooling surface is 

„ C G3.000 

Hk " k^7, = loot) x fe-i x 1 " 8 Bq - m " 

The requisite weight of cooling water ia given by 

C = W{t* - f ta ) = Kf60 - 15), 
or W'= 1400 litres. 

F. Cooling by Contact with Metallic Surfaces which are 

Traversed by Cold Air, 
This method has been sufficiently treated in Chapter XX., B. 2, 
page 283. 

G. Cooling Water by Air, 

In cooling large quantities of water, the method is generally used 
of exposing the water with the greatest possible surface to air at rest 
or in motion. The water is allowed to stand in shallow tanks with a 
great surface, to flow through a long shallow channel, to flow down 
in sheets over terraces or over vertical or inclined plane walls; it 
also falls in the form of jets and drops down cooling towers or ie finely 
divided and sprayed by roses, to sink down as dust. 

The cooling air either moves with its natural velocity, or is 
artificially driven, over the water. In these arrangements it is 
endeavoured to bring the greatest volume of air in direct contact 
with water in the finest possible state of division. 

The cold air has a twofold cooling action on the warm water; in 
the first place it acts directly by abstracting heat and itself becoming 
hotter. If the atmospheric air, at its first contact with the water, 
has the temperature („ and leaves it at („, then L kilos, of air take 
from the water in being heated : 

G, - L0-2375((„ - („) (243) 
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In the second place the air cools the water by causing a portion 
of it to evaporate. The atmospheric air, which is practically never 
saturated with moisture, readily takes up more, especially when it is 
warmed, as by the water in this case. 

In regard to the quantity of water which can be taken up by air, 
and other questions of interest here, more detail will be found in the 
author's work, Drying by Means of Steam and Air (Scott, Greenwood 
& Co., London, 1901), from which the numerical values required 
below are taken. 

If 1 kilo, of air before contact with the water contains d a kilo, of 
vapour, and on leaving the water, d, kilo., this 1 kilo, of air has taken 
up during the contact (d, - d a ) kilo, of water vapour. If the mean 
temperature of the water was t wn „ the number of calories withdrawn 
from the water for the evaporation of the water taken up by 1 kilo, 
of air was 

C. = L(d e - d H ) (640 - t w J (244) 

Thus, in all, L kilos, of air take from the water 

C k = C, + C, = L[0-2375(«„ - t,„) + (d, - d„) (640 - * ra )] (245) 
calories. 

If W kilos, of water at the temperature t„ t are to be cooled to the 
temperature t^, then there are to be withdrawn for that purpose 
W(t** - t*e) calories ; the principal equation is therefore 

C k = C € + C p = TF(C - t„) 

= L [0-2375(^ - h,) + (d, - d„) (640 - *„,„)] . (246) 

The temperature of the external air, £,„, is very variable, and so 
also is the quantity of moisture in it ; the temperature of, and 
moisture in, the air when it leaves are variable, and the temperature 
of the cooling water is different in each case. In order to obtain a 
view of the prevailing conditions and actions in the many different 
and varying cases, Table 69 has been calculated for temperatures of 
the outer air of t ta = - 20° to + 30° C. and of the emergent air of 
t„ = 5° to 40° C. 

For Table 69, the amount of heat required for the evaporation of 
1 kilo, of water was taken at 600 calories, which is perhaps somewhat 
low. It is also assumed that the atmospheric air is completely 
saturated at the prevailing temperature, but that it leaves the cooler 
at temperatures from 5° to 40° C. only three-fourths saturated. The 
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values of f/„ and d„ which give the amount of water in 1 kilo of air, 
are taken from Tables I. and III. of the above-mentioned work. 

Table 69 gives, in the first lines, the number of units of heat 
taken up from the water by 1 kilo, of air in becoming heated 
[0 - 2375(< r , - („}], and, In the lines 2, the number of calories ab- 
stracted by the same kilo, of air through partial evaporation of the 
water [(d, - <i„) (600 - („„,)]. The sum of these two lines would then 
show how many calories are withdrawn tu all by 1 kilo of air. 

The lines 3 give the ratio of the absorption of heat through 
heating to that through evaporation. 

The fourth lines give the weight of air, L, required to abstract 
1000 calories from the water. 

Example. — If the sir reaches the water at 0° C. nnil leaves it at 20° C, the 
ratio of the heat withdrawn by heating the air to that by evaporation is, by 
section 5, line 3. 0-527 : 0-473. 

If a total of 1000 calories is to be abstracted, then the air must take for 
heating itself C. = 1000 x 0-52T = 527 calorics, and by evaporation C, = 1000 x 
0-473 - 473 calories. 

Now, by equation (243), 

ft - LO-2375(f ( , - /■„} - £0-8875(20 - 0) = 527 calories, 
and thence the necessary weight of air (Table 69, section 5, line 1) is 

L = 475 = U1 k ' 109 " (*??"-*■)■ 
[To confirm. These 111 kilos., if the air is quite saturated at 0° and only 
three -fourths saturated at 20" C, can in fact take up for eraporatum C, — 1000 x 
0-473 - 473 calories, for, by Table 1 (see Urging by Means of tjtenm and Air), 
the amount of water which can be absorbed by 1 kilo, of air under these con- 
ditions is <f, - d„ = 0-01103-0-00387 = 0-00710 kilo., therefore 111 kilos, absorb 
lll(rt, - rf.) = 0-79476 kilo, of water, for which (on our assumption) C. - 0-79476 
x 1*0 - 476-3 calories are required.] 

The fifth lines contain the volume, r„ of the weight of air, L, at 
the external temperature, t,„. This volume of air is obtained by 
dividing the weight of air, L, by the weight of 1 cub. in, of dry air at 
the proper temperature (obtained from Table 1, column 8, of Drying 
by Means of Steam and Air), 

In the above example, 111 kilos, of air at 0° C. occupy a space of -{] l = 86 

The sixth lines then give the weight of vapour which is evaporated 
from the water by the calculated weight of air, L, which weight may 
thus be regarded as loss in the cooling apparatus. This is for a total 
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The heat taken up by 1 kilo, of air in becoming heated, C„ and by 
evaporation, C.. The fraction of the total absorption of heat due 

to heating, ,, * 7 , , and to evaporation, >,- ~vr- The requisite 

weight of air, L, and volume, V„, and also the evaporation of 
water for the abstraction of 1000 calories. For temperatures of 
the completely saturated external air of - 20° to + 30° C. and 
temperatures of the outlet of the three-fourths saturated air 
from 5° to 40° C. 
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abstraction of heat of 1000 calories and on the assumption that the 
external air is completely, and the emergent an- three -fourths, satu- 
rated with water vapour. 

It often happens that the external air is not completely and the 
emergent air is more than three-fourths saturated. In that case 1 
kilo, of water absorbs more moisture than is assumed in the table. 
Consequently less air is used for cooling the water and, on the other 
hand, more water is evaporated. In many cases ,',-, to .,' fl of the 
water to be cooled is removed by the air. 

In using Table 69, it is first necessary to calculate how many 
calories must be withdrawn in one hour from the water to be cooled ; 
the table then gives the weight and volume of the air and the evapor- 
ation of water per 1000 calories. 

The surface of the water, which must be in contact with the air 
in order to produce the desired cooling, is still to be calculated. 

If C, be the heat to be taken from the water to warm the air, not 
by evaporation, O the surface of the water in sq. m., z t the time of 
cooling in hours, 0„, the mean difference in temperature between 
water and air, k, the coefficient of transmission, v, the velocity in m, 
per see. with which the air passes over the water, then, by the usual 
principles, 

C, = z„Okfl m (247) 

and the surface requisite for the cooling by means of air is 



ejefln ' 



(248) 
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The transmission coefficient for towers, in which drops are 
abundantly formed, is 

k, = 2 + 18 */v„ 
for plane surfaces over which the water flows, 

k, = 2 + 12 J7, (249) 

for water quite at rest a smaller coefficient must be taken, 

k, = 2 + 10 yfc (250) 

The velocity of the air, v„ in the atmosphere is very variable ; it 
may be as high as 40 in., but even when there is no wind it is 
generally about 1-5-2 m., which figures inuet be employed in calcula- 
tion. In cooling apparatus made after the fashion of a chimney, in 
which the air rises in consequence of being heated, it moves with a 
velocity of about 3 m. When the air is blown by fans through the 
chimney, the velocity may be arbitrarily fixed at 6-12 m. The large 
volumes of air required ure rarely moved by artificial means on 
account of the cost. 

The fresh air from fans is naturally made to enter below in order 
to obtain counter -currents of air and water. 

The mean difference in temperature, 6 m , is to be determined by 
means of Chapter I„ Table 1. 

It may be seen from the third lines of Table 69 that the beat to 
be abstracted by warming the air, in proportion to the whole amount 
to be given up, is least when the air is heated by the water to about 
15° C, on the hypothesis that the atmospheric air enters the apparatus 
completely saturated and leaves it three-fourths saturated. 

If the external air is cold, the emergent air will also be cool, and 
the temperature difference between air and water will then be large. 
On the other hand, If the external air is warm, it leaves still warmer, 
and the mean temperature difference is then much less. As Table 69 
shows, in the former case the air takes up more heat by being warmed, 
in the latter case more by the formation of vapour. 

The consumption of air is the least when it enters very cold and 
leaves very warm. The necessary water-surface is the least when 
unlimited quantities of air flow over it. If, in a definite case, the air 
is always to receive the same increase in temperature, then, whilst 
the temperatures of the water remain the same, a lower temperature 
of the air necessitates more air and a smaller surface for the water. 
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Air which is originally cold naturally is warmed through a greater 
range of temperature than air originally warm ; thus the consumption 
of air is approximately constant, but the former takes up more heat 
from the same surface. Ceteris paribus, cold air cools better than 
warm air. 

Example, — In z h s 1 hour, 10,000 kilos, of water are to be cooled from 40° to 
22° C., for which C k = 10,000(40 - 22) = 180,000 calories are to be abstracted. 
The air moves with a velocity of 2 m. — (1) it is originally at 0°, and is warmed 
to 25° G. ; (2) it is at 20°, and is warmed to 35° C. The temperature-differences 
between air and water are : — 

1. Air warmed from 0° to 25° — 

at the top, a = 40° - 25° = 15° ; at the bottom, e = 22° - 0° = 22°. 
The mean difference is, by Table 1 (since ±§ = 0*682), 

m = 0-44 x 22 = 9-68°. 

2. Air warmed from 20° to 85°— 

at the top, a = 40° - 35° = 5°, at the bottom e = 22° - 20° = 2°. 

The mean difference, by Table 1, (since f = 0-4) is 

m = 0-658 x 5 = 3-89°. 

In the first case, from Table 69, 0*475 of the total amount of heat is to be 

withdrawn by heating the air, C € = 180,000 x 0*475 = 85,500 calories. In the 

second case, C c = 180,000 x 0*327 = 58,860 calories. 

Thus, when cold air enters, tbe water-surface necessary in a cooling tower is 

85,000 rt/ ^ 

O = 7= = 300 sq. m. (approx.), 

(2 + 18 </2)9-68 

and when warm air enters 

„ 58,860 

O = -. = 730 sq. m. (approx.). 

(2 + 18 n / 2)3*39 ** ' 

The requisite weight of air is in the first case 

85 500 

L = o-WsW^) = 14 ' 400 kilos - <= n ' 260 cub - m ->' 

in the second case 

h = 0-2375(35 - 20) = 1W °° kU ° S - ( = 14 ' 36 ° Cub - »•>• 
The surface which the water presents to the air must change as 
frequently and rapidly as possible. For heat penetrates slowly into 
a mass of water at rest (Chapter XX., 8, Table 46), rapidly warming 
the external layers to a slight depth, but then entering the interior 
very slowly, and the laws which govern this action also apply, if the 
expression be permitted, to the penetration of cold into the mass of 
water. The figures given in Table 50 hold good also for the decrease 
in temperature of jets of water which fall from step to step in a 
current of cold air. 

The best cooling apparatus will thus always be in the form of a 
staging with the greatest possible number of low steps, over which the 
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air passes rapidly, either sideways or drawn upwards by a chimney. 
Mechanical acceleration of the motion of the air will be advantageous 
in but a few rare cases. 

1000 litres of water, which fall through 5 in. in the finest state of 
division, form a surface of about 4-6 sq. m., which is however insuf- 
ficient to cool the water. The remaining surface required must be 
provided in another way, as by surfaces over which the water flows, 
which must be of ample dimensions since they are generally not' 
wetted throughout. 

We now give a few examples, collected in Table 70, of open 
stagings (cooling towers) through which air circulates freely. In 
quite open stagings without a chimney the temperature difference is 
greater, which is an advantage, but then the motion of the air is 
somewhat slower than with a chimney. 

Observed Examples. — -By means of a cooling tower, with many steps and a 
natural access of air, 3 >t 12 = 3G sq. m. in ground area, 4800 mm. high, and with 
322-5 sq. m. of wooden surface over which the water flowed, 22,800 litres of water 
were cooled in one hour from 50° to 20° C, when the air entered at 26° C. and 
left at the different stages at 8-5°, 14-5", 2(1-5° C. From the water were to be 
abstracted 

C, = 22,800(50 - 

1 kilo, of saturated air at 2 
1 „ „ „ 8-6° „ 0-0069 „ 

1 ., „ „ H-5° „ 00107 „ 

1 ,. ,. „ 20-S" „ 0-0163 „ 

The mean of the last three numbers is 0-01096 kilo. 

If the air which leaves the staging is only saturated to the extent of SO per 
cent., then 1 kilo, contains 0*01090 x 0-8 = 0-006768 kilo, of water. 

1 kilo, of air thus taken up by evaporation 0-008768 - 0-0046 = 0-00416 kilo. 
of vapour, which corresponds to 2-496 calories. 

The air is heated on the average from 2-5° to 12-5°, i.e., through 10° C, con- 
sequently 1 kilo, taken up try being liealed 10 x 0-2375 = 2-375 calories. 

Thus I kilo, of air takes up a total of 2-496 + 2-376 = 4-871 calories. 

Of the total quantity of heat to be abstracted from the water, the air takes 
2-49C x 684,000 „„ ,„„ , . 
by evaporation, 4^071 — = 380,438 calories ; 

. . ,. 2-375 x 684,000 mQ „ en , . 
by heating, --■ - = 293,562 calories. 

The surface of the apparatus over which water [lowed was 322-5 sq. m. 
The wetted surface underneath was estimated at - 600 „ 

The surface of the falling drops was about 6 sq. m. per 

1000 litres, i.*., = 6 x 22-8 = 136-0 „ 

Total - = 618-5 „ 
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The mean temperature-difference was 27°, hence the coefficient of transmission 

293,562 



k - 1L- 

' ~ Oe m 518-5 x 27 
The weight of air required for cooling is 



= 211. 



L = ?JgJ? = 123,600 kilos. 

The volume I~, = ^ 2 ?» 60 9 = 100,000 cub. m. (approximately), i.e., 28 cub. m. 

per sec. If the air meets the apparatus obliquely, the velocity would be about 
12m., and the calculated coefficient would be 

k t = 2 + 18 Vl*2 = 22. 

2. A chimney cooler with 18 plates, 1500 by 4800 mm., having a total wetted 
surface of 259 sq. m., cooled 18,500 litres of water per hour from 39° to 22° C. 
by means of 44,000 cub. m. of air, blown in by a fan (1100 mm. diameter, 300 
revolutions) at 12*5° G. and leaving at 18*8° C. at the top. The air was saturated 
originally to the extent of 67 per cent. 

From the water are to be taken 

C* = 18,500(39 - 22) = 314,500 calories. 
1 kilo, of air at 12-5° contains 000926 kilo, of water when completely saturated. 



1 
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00140 
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it 



67*5 per cent, 
completely 

Thus, 1 kilo, of air takes up by evaporation, 

0*014 - 0-0062042 =0-0078 kilo, of water, which requires 468 calories 

1 kilo, of air absorbs in being heated from 12-5 9 to 

18-8°, 6-3 x 0-2375 = 1*496 



Total 



6176 



i* 



»» 



Accordingly the air takes up 



. . . 4-68 x 314,500 noo 0/v . . . 
by evaporation, ^ — = 238,307 calories ; 

, , A . 1-496 x 314,500 „ i00 . . 
by heating, = 76-193 calories. 

The velocity of the air was 3*8 m. per sec., the temperature-difference 14° C, 
consequently the observed coefficient of transmission 



*,= 



C _ 76,193 
He m " 259 x~14 



= 23-8. 



The calculated coefficient of transmission is 

k = 2 + 12 \ 1F$ = 24. 
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H. Cooling Air by Water. 

Atmospheric air always contains more or leas moisture in the 
form of vapour. The maximum amount of vapour in 1 cub. m. of 
air is equal to the weight of 1 cub. m. of saturated vapour at the 
temperature of the air. If air which contains much moisture is 
considerably cooled, it generally reaches a condition in which it can 
contain only a smaller weight of vapour, and consequently the excess 
of vapour must separate, i.e., be condensed. 1 

Thus, if a certain volume of air is to be artificially cooled in a 
certain time, it is necessary to take from it as much heat as is 
required : 

1. To cool the dry air itself. 

2. To condense the vapour which must be separated. 
Let L =» weight of air to be cooled, 

it, = its specific heat = 02375, 

(„ = its temperature before cooling (at the beginning), 
t„ = „ after ,, (at the end), 

d a ~ the weight of vapour in 1 kilo, of air before cooling, 
d, = „ „ „ „ after 

c = the total heat of 1 kilo, of vapour. 

Then in order to cool the air from t,„ to t u it is necessary to abstract 

the following amount of heat : — 

C = L<,,(t„ - f„) + L(d. - d.) (c - („). 

In atmospheric air there is rarely more than 95 per cent, of the 
maximum quantity of vapour possible, generally there is considerably 
less. Even when moist air is strongly cooled, so that it deposits 
water, it does not remain saturated with vapour. 

If we assume that the atmospheric air is saturated to the extent 
of 80 per cent., and also that its degree of saturation is 80 per cent, 
after oooling through a certain range of temperature, then the above 
equation gives, for cooling 100 cub. m. of air, the quantities of heat 
which are arranged in the table on the next page. 



1 See Hausbrand, Drying by Means of Steam and Air (Soott, Greenwood & Co., 
London), for amount of vapour in air at different temperatures. 
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The necessary quantity of cooling water depends on its initial and 
final temperatures, t a and t,, it is 

l 'r ~~ ''a 

The cooling surface, for the cooling of definite quantities of air, is 
obtained from the ordinary equation : 



77 - i^_ 



(252) 
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Table 71. 
he temperature difference, 6„, consumption of cooling water, W, and 
the necessary surface, H k , of water in rapid motion, in order to 
cool hourly 100 cub. m. of air, which flows with the velocity, 
v, = 1 m., from 30°- 10° C. down to 25°-5 a C. 
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If the velocity of the air is greater than 1 m. per sec., vii., 

l|2|8|4|5|6m. 
' surfaces of direct contact with the rapidly moving cooling water, H t , required 
:ool 100 cub. m. per hour, are obtained by multiplying the figures in the above 
ileby « 1 1 0-78 1 060 |0B3 [0-48 1 0-44 

the air flows past a cooled metallic surface, its necessary superficies ia ob- 
ied by multiplying the above surfaces B t , by 

1*66 1 1-061 1-04 1 0-90 1 0-82 1 076 
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CHAPTER XXIII. 



A. General. 



In this chapter we proceed to determine the volume of gas and 
vapour which the air-pump must exhaust from any condenser, 
whence the dimensions of the pump are obtained. 

The air and incondensible gases which obtain admittance to the 
condenser are derived from : 

1. The liquid to be evaporated. 

2. The injected cooling water. 

3. Leaks in the apparatus and pipes, which are rarely entirely 
absent. 

The volume of air, introduced into the condenser by each of these 
sources separately, is seldom to be ascertained in any particular case. 
It is therefore necessary to be content with an approximate estimate 
of the total quantity of air introduced in all three ways and after- 
wards to be removed. It is usual to express this total quantity of 
air as a fraction of the injected water. Although there are certain 
connections between the quantity of the cooling water and that of the 
air to be exhausted, yet the latter is certainly not directly proportional 
to the quantity of cooling water. If we however assume such a 
proportionality, as is the custom, it is done because only in this 
manner is a basis for our considerations to be found. It will of 
course be permissible to modify or specialise for particular conditions 
the assumptions here made. 

In view of the large volumes of gas which cold water can contain 
(97 volumes per cent, of carbonic add at 17° C, 15,200 per cent, of 
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sulphurous acid at 14° C, 326 per cent, of sulphuretted hydrogen at 
14-6°, 73,700 per cent, of ammonia at 14*14) it is necessary to assume 
that the injected water used for condensation may frequently contain 
considerable quantities of gases. 

On the other hand, it is usual to assume (after Bunsen, Gaso- 
metrischc Methoden, 1857) that rain water and most spring waters 
contain about 2*5 volumes per cent, of atmospheric air. Springs are 
known the water of which contains 12 volumes of gas per cent. 

The liquids to be evaporated also contain very variable, and often 
considerable, quantities of gases, especially ammonia. In this case 
also 2*5 per cent, may be taken as the average. 

Finally, the leakages in the apparatus and pipes are to be con- 
sidered. We assume that the quantity of air entering through 
faulty joints, crUcked glasses and defective metallic connections, is 
equal to 10 volumes per cent, of the cooling water employed. 

Thus the air introduced into the condenser is 2*5 + 2-5 + 10 = 15 
volumes per cent, of the cooling water. For safety, and in order to 
allow for the possible presence of other gases than air in the cooling 
water, this number will be still further increased. We shall assume 
that incondensible gases to the extent of about 20 volumes per cent, 
of the cooling water are carried into the condenser, i.e., that for every 
1000 litres of cooling water 200 litres of air (and other gases) enter 
the condenser. 

Now 1 cub. m. of air under atmospheric pressure at 0° C. weighs 
1-294 kilo, and at 15° C. 1-2266 kilo., thus 200 litres of air weigh 
about 0*25 kilo. ; therefore we shall take as the basis of the following 
calculation the assumption that, for ever}' 1000 litres of cooling water, 
0*25 kilo, of air is introduced into the condenser and must be pumped 
out. 

From equation (176), W = -j --, and Table 41, we know the 

i+ — t a 

quantity of cooling water required in each case; therefore we can at 
once find, on the basis of the above somewhat arbitrary but suf- 
ficient assumption, the weight of air to be exhausted from the 
condenser. 

The so-called wet and dry air-pumps must now T be considered 
separately. 
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B. The Volume of Air to be exhausted from Wet Jet- 
Condensers. 

By a " wet " air-pump is understood a pump which, together with 
: air, takes in the whole of the water from the condenser and 
ces it away. 

The air to be removed from the condenser ia invariably mixed 
th vapour at the same temperature as the air. The common tem- 
rature of the air and vapour depends on that of the water with 
iich they were last in contact. In wet condensers the mixture of 

and vapour remains together with the quite warm water to be 
Lwn off (formed from the injected water and the condensed steam), 
i goes with it into the pump. It has therefore almost the same 
operature as the water. In counter-current condensers the air is 
t in contact with cold injected water, which has just entered, and 
is is cold when it reaches the air-pump. 

A wet condenser can be so arranged that the air-pump exhausts 
> warm water from the bottom and the air, which is then cold, 
sause it was last in contact with the injected water, at the top. 
e cold air, however, then eaters the pump along with the warm 
ter, and is rapidly heated by it and the vapours rising from it, 
ce its weight is small in proportion to that of the water. The 
J condition between air and vapour is thus also in this case quite 
lilar to the ordinary condition in which air and water are taken 

together, although not quite the same. The vapour, which is 
ted with the air, has always the temperature of the waste water 
wet condensers, consequently the pressure it exerts is the greater 

warmer the water which flows away. The pressure of the air 
d thus its weight per cub. m.), which, together with the pressure 
he vapour, gives the total pressure, is the greater the colder the 
ter exhausted by the pomp. 

The volume of the air depends on its pressure (which is only a 
tion of the total pressure in the condenser) and its temperature ; 
say be calculated as was done in Chapter XX., 9, and in Table 47. 

Let W — the weight of injected water. 

L =» the weight of air in the water. On our assumption 

L - w ^ ta -» < 2M > 
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V lH = the volume of air in cub. m., which is to be exhausted 

from the wet condenser, V u from the dry condenser, 

and F to from the surface condenser. 
a t = the volume of 1 kilo, of air in cub. m. 
y t = the weight of 1 cub. m. of air in kilos. 
p = the pressure of the atmosphere in kilos, per sq. m. = 

10,336 kilos. 
t = the temperature of the waste water. 
a = the coefficient of expansion of air = 0*003665. 
b = the pressure of the air in the condenser in mm. of 

mercury. 

T = the absolute temperature, T = - + t a = 273 + t a . 

a 

By the laws of Mariotte and Gay Lussac -i£ = B, a constant, 

which for^air is 2927. 

Thus 1 kilo, of air has the volume 

_ 273 + g, 29 . 2? (256) 

V 
and L kilos, of air have the volume 

v = L(m + g 29 . 27 (257) 

V 
For a pressure, which is -— - of the atmospheric when measured 

in mm. of mercury, the volume of the L kilos, of air is 

V IH = ^TS + Oag^Zf (258) 

p 

or, inserting the numerical values, 

^ = W0-25(273 + Q29 27 x 760 = . 5385 ^(273 + t ) (25Q) 

In the case of every evaporator the weight of steam passed into 
the condenser, which is equal to the weight of water to be evaporated, 
is given. The weight of the injected water, W t then follows by means 
of equation (176) and Table 41, if its initial and final temperatures 
are known. Both these temperatures may be given under certain 
circumstances, but under others they must be assumed after examin- 
ing the case. From the weight of the injected water there follows, on 
our hypothesis, the weight of the air introduced into the condenser. 
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The vacuum, or, what is the same thing, the absolute pressure is 
the condenser, can generally be fixed as desired. It will naturally 
be endeavoured to reach the highest possible vacuum, i.e., the lowest 
possible pressure. 

The volume of air to be exhausted is obtained at once, from its 
known weight and the vacuum decided upon, by equation (200) and 
Table 47. 

Examplt. — Water at l a — 10° C. is at dispos&l to condense 100 kilos, of steam ; 
it is to flow away at t, m 40° C. The vacuum is to be 680 mm., i.e., the absolute 
pressure is to be 760 - 680 = 80 mm. By Chapter XX., Table 11, the injected 
water is then W = 1960 kilos.; the tension of the vapour is 54 -9 mm. at 10° C, 
and since the total pleasure is 80 mm., the pressure of the air, b = 80 - 54 '9 = 25 1 
mm. All the necessary figures for calculating out the equations are now given. 

The weight of the air L = 196 *^ () " 25 = 0-184 kilo. 

The volume of 1 kilo, of air at 40° C. and 25-1 mm. pressure is, by Table 47, 
a, = 27,020 litres. Consequently the volume of 0484 kilo, of air is (for 100 kilos. 
of steam) 

F,„ = La, = 0-481 x 27,020 - 13,070 litres. 
The wet air-pump has therefore to remove, in the condensation of 100 kilos, of 
steam, 1960 kilos, of water + 100 kilos, from steam and 13,070 litres of air, in all 
15,130 litres. 

In Table 72 are given the quantities of injected water and the 
volumes of air, which must be exhausted by wet air-pumps, for 
vacua of 600-740 mm., for initial temperatures of the cooling water 
of t. = 5°-35° C, and final temperatures of (, = 10°-50°C. 

If the injected water and the liquid to be evaporated con- 
tain more or leas air and gases, and the apparatus is more or less 
air-tight than we have assumed, the volume of air given in Table 
72 must be increased or diminished in proportion to the altered cir- 
cumstances. The figures in the table are determined for actual use, 
and for most cases are to be regarded as abundant. But if the water 
employed contains, e.g., not 20 per cent, (by volume), but 15 per cent, 
of gases, the volume of air to be exhausted is 1% of that given in Table 72. 

Table 72 not only gives the actual quantities of water and air to be 
exhausted, it also shows that for any determined vacuum and any . 
temperature of the injected water there is a definite most favourable 
temperature for the waste water, at which the volume of air to be 
exhausted is least. The reason for this is, that the higher the tem- 
perature of the waste water the less water is required, and consequently 
the less air is introduced into the condenser ; but the warmer the waste 
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Table 72. 

The cooling water required, and the volume of air to be exhausted, in 
litres, for the evaporation of 100 kilos, of water at vacua of 
600-740 mm., with the cooling water at initial temperatures of 
[„ = 5°-30° C, and at final temperatures of t. - 10°-50° C, for 
wet jet-condensers. 
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Table 72— (continued). 
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Table 72— (continual). 
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45 


1680 


48-61 


0-420 


5937 










50 


1433 


28-02 


0-358 


8957 






" 1 " 


15 


20 


12060 


102-61 


3 015 


18618 



THE AIR PROM WET CONDENSERS. 
Table T2—(continn-ed). 





1 


»» 


Cooling water. 


Air. 


1 




i 

a 8. 


& 

| 


S: 


1 


j 


1 


1 


1 


E- 


11 


sl 


$ 




* 


I 


mm. 


mm. 


°C. 


c. 


(~ 


/.. 


kiloo. 


mm. 


kilos. 


Litres. 


640 


120 


56 


623 


15 


25 


5980 


96 '45 


1-495 


9990 












30 


3953 


88 45 


0*988 


7316 












35 


2940 


7817 


0-735 


6262 












40 


2332 


65-1 


0-583 


6085' 












45 


1927 


48-61 


0-482 


8599 












50 


1637 


28-02 


0-409 


10233 










20 


25 


U960 


96 45 


2-990 


21979 












30 


5930 


88-45 


1-482 


10971 












35 


3920 


78-17 


0-980 


7342* 












40 


2915 


651 


0-729 


7592 












45 


2312 


48-61 


0-578 


8167 












50 


1910 


28-02 


0-478 


11959 










35 


30 


11800 


8845 


2-965 


21950 












35 


5880 


78 17 


1-470 


12513 












40 


3857 


651 


0-972 


10122* 












45 


28uo 


48-61 


0*723 


10213 












50 


2292 


2802 


0*573 


14336 










SO 


35 


11760 


78-17 


2-940 


25025 












40 


5830 


65-1 


1-458 


15184 












45 


3854 


48-61 


0*964 


13620* 












60 


2865 


28-02 


0-716 


17914 










35 


40 


11660 


651 


2-915 


30357 












45 


5780 


48-61 


1-445 


20427* 


660 


100 


63 


622 


5 


10 


12240 


90-8 


3-060 


20869 












15 


6070 


873 


1-518 


10823 












20 


4013 


8261 


1*003 


7692 












25 


2985 


76-45 


0-746 


6284 












30 


2368 


68-45 


0*592 


5673 












35 


1957 


58 17 


0-489 


5599* 












40 


1663 


451 


0-416 


6232 












45 


1443 


28-61 


0-361 


8718 












50 


1271 


802 


0-318 


28458 










ib 


16 


12140 


87-3 


3-035 


21640 












20 


6020 


82-61 


1-505 


11543 












25 


3980 


76' 45 


0995 


8382 












30 


2960 


68-45 


0-740 


7091 



EVAPORATING AND CONDENSING APPARATUS. 
Table W— -(continued). 





1 


Steam. 


Cooling water. 


Air. 


| 




i 


| 








s 








2 


? 




1 ' i 




mm. 


mm. 


1 

°C. 


3 


Ss 


J a 


kil. 


t % 

mm. kilos. 


§ 
Litres. 


620 


140 


58-5 


624 


15 


50 1640 


48-02 ! 0-410 


5970 










20 


25 11980 


116-45 ; 2-995 


16565 












30 5940 


108-45 


1-485 


8969 












35 3927 


98-17 


0-982 


6662 












40 2920 


851 


0-730 


5798' 












45 | 2316 


68-61 


0-579 


5802 












50 1 1913 


48-02 


0-478 


6960 










•i> 


30 ' 11880 
35 | 5890 
40 ! 3893 
45 . 2895 
50 j 2296 


10845 
98-17 
85-1 
6861 
4802 


2-970 
1-473 
0-973 
0-724 

0-574 


17939 
9991 
7727 
7168* 
8357 










30 


35 i 11780 
40 | 5840 
45 I 3860 
50 | 2870 


98-17 
851 
68-61 
4802 


2-945 
1-460 
0-965 
0-718 


19982 
11595 
9581* 
10447 










35 


40 . 11680 
45 , 5790 


85- 1 ' 2-920 
68-61 | 1448 


23191 
14377 # 


640 


120 


55 


623 


5 


10 
15 
20 
25 
30 
35 
40 
45 


12*50 
6080 
4020 
2990 
2372 
1960 
1666 
1445 


110-8 ! 3-062 
1073 1 1-520 
102-61 1-005 
96-45 0748 
88-45 0-593 
78-17 0-490 
65-1 0-417 
48-61 0-361 


16908 
8811 
6205 
5014 
4390 
4171* 
4280 
5103 










50 


1273 


28-02 ! 0-318 


7956 








li) 


15 


12160 


107*3 I 3-040 


17632 










20 


6030 


102-61 1 1-508 


9310 










35 


3991 


96-45 1 0-998 


6675 






■< ' i> 




30 


2965 


88-45 i 0-741 


5488 






■i ! •! 




35 


2352 


78-17 


0-588 


5005* 






ii i ii 


H 


40 


1943 


651 


0-486 


5061 










45 


1680 


48-61 


0-420 


5937 






•> ■■ 




50 


1433 


28-02 


0-358 


8957 






" " 


15 


20 


12060 


102-61 


3-015 


18618 



THE AIR FROM WET CONDENSERS. 

Table 78— ■(continu&i). 







| 


«_. 


Cooling 


...„. 


Air. 




s 


i 


^ 










1 


1 


1 


I 




1 
4 1 


| 


1 


i 


1 


1 


■< 





£ 


5 = 

■S3 


= s 


s 


s 


> 


nun. 


mm. 


"C. 


& 


(.. 


-V 


kiloa. 


mm. 


kilos. 


Litres. 


640 


130 


55 


623 


15 


25 


5980 


96-45 


1-495 


9990 












30 


3953 


88 '45 


0-988 


7316 














35 


2940 


78 '17 


0-735 


6262 














40 


2332 


651 


0-583 


6085* 














45 


1927 


48-61 


0-482 


8599 














50 


1637 


28-02 


0*409 


10233 












20 


25 
30 
35 
40 
45 
50 


11960 
5930 
3920 
2915 
2312 
1910 


96 45 

88-45 
78-17 
651 
48-61 
28-02 


2-990 
1-482 
0-980 
0-729 
0-578 
0-478 


21979 
10971 
7342* 
7692 
8167 
11959 












25 


30 
35 
40 
45 
50 


11860 
5880 
3857 
8890 

2292 


88-45 
7817 
651 

48-61 
28-02 


2-965 

1-470 
0-972 
0-723 
0-573 


21950 
12513 
10122* 
10213 
14336 












30 


35 
40 
45 
50 


11760 
5830 
3854 
2865 


78-17 
651 

48-61 
28-02 


2-940 
1-458 
0-964 
0-716 


25025 
15184 

13620" 
17914 












35 


40 
45 


11660 
5780 


651 

48-61 


2915 
1-445 


30357 

20427* 


U 





100 


S3 


622 


5 


10 
15 
20 
25 
30 
35 
40 


13240 

6070 
4013 
2985 
2368 
1957 
1663 


90-8 
87-3 
8261 
76-45 
68-45 
58-17 
451 


3*060 
1-518 
1*003 
0-746 
0*592 
0-489 
0-416 


20869 
10823 
7692 
6284 
5673 
5599* 
6232 








1 




45 


1443 


28-61 


0-361 


8718 








» 




50 


1271 


802 


0-318 


28458 












10 


15 
20 
25 
SQ 


12140 
6020 
3980 
2960 


873 

82-61 
7645 
68-45 


3 035 

1-505 
0995 
0-740 


21640 
11543 
8382 
7091 



EVAPORATING AND CONDENSING APPARATUS. 
Table 72 — (continued). 



2348 
1940 
1677 
1430 
12040 
5970 
3946 
2935 
3338 
1923 

1634: 

11940 
5920 
3913 
2910 
2308 
1807 

11840 
5870 
3880 
2885 
2288 

11740 
5820 
3847 
3960 

11640 
5770 

1222(1 
6060 
4006 
2980 
2304 
1453 
1660 
1440 



58-17 


0-587 


45-1 


0-485 


28-61 


0-419 


8-02 


0358 


82-61 


3-010 


76*45 


1-493 


68-45 


0-987 


58-17 


0-734 


45-1 


0-582 


28-61 


0-481 


8-02 


409 


76-45 


2-985 


68-45 


1-480 


58-17 


0-978 


45-1 


i)-?2s 


28-61 


0-577 


8-02 


0-477 


68-45 


2 960 


58-17 


1-468 


45-1 


0-970 


28-61 


0*721 


8-02 


0-572 


58-17 


2-935 


451 


1-455 


28-61 


0-962 


8-02 


0-715 


451 


2-910 


28-61 


1-443 


70-8 


3 073 


673 


1-515 


62-61 


1001 


56-45 


0*745 


48-45 


0-591 


38-17 


0*488 


251 


0*415 


8-61 


0-360 



6721* 
7265 
10118 
31791 
22960 
12578 
9462 
8403" 
8718 
11611 
36555 
25164 
14181 
11098 
11020* 
13715 
42687 
28364 
16803 
14331* 
17219 
51188 
33306 
21796* 
23232 
63965 
43502 
34836* 
24759 
14053 
10150 
8508 
6961* 
8535 
11176 
29635 



THE AIR FROM WET CONDENSERS. 

Table 72— (cont itttied). 



a 
1 

> 


i 
i 


Strut. 


Cc 




Wttt. 


a, 








1 

§ 


H 


S 
fl-S 


Is 

S-2 


f 


1 


£ 


i 


mm. 


''""■ 


°C. 


c. 


t- 


*.. 


kU H . 


mm. 


Idloi. 


Litre-. 


680 


SO 


48 


621 


5 


50 | 1269 
















10 


15 


12120 


673 


3-030 


28106 












20 


6010 


62-61 


1*502 


15230 












25 


3970 


56-45 


0-993 


11334 










30 


2955 


48-45 


0-739 


9952* 










35 


2344 


38-17 


0-586 


10249 










40 


1937 


25-1 


0-484 


13070 






.1 1 M 




45 


1674 


.8-61 


0-419 


44492 








15 


20 


1202(1 


62-61 


3 005 


30501 












25 


5960 


56-45 


1-490 


17016 












30 


3940 


48-45 


0-985 


13337 












35 


2930 


38-17 


0-732 


12600* 












40 


2321 


25-1 


0-581 


15646 












45 1920 


8-61 


0480 


39513 










20 


25 | 11920 
30 1 5910 


56-45 
48-45 


2-980 
1-478 


34034 
19909 






11 ' II 




35 ' 3903 


3817 


976 


17070* 










40 2905 


25-1 


0-726 


19602 










45 2304 


8-61 


0-576 


47992 








25 


30 | 11820 


48-45 


2-960 


39804 










35 | 5860 


38-17 


1-465 


25623* 










40 | 3877 


251 


0-969 


26102 












45 I 2880 


8-61 


0-720 


59270 










30 


35 11720 
40 5810 
45 1 3840 


38-17 
251 
8-61 


2-930 

1-453 
0-996 


51246 

39116* 
79027 










35 


40 11620 
45 : 5760 


25-1 
8'61 


2-900 
1-440 


78234* 
118541 


700 


60 


44 


619 


H 


10 J 12180 
15 6040 
20 3993 
25 2970 
30 2356 
35 1947 
40 1654 


50-8 
473 
4261 
36-45 
28-45 
18-17 


3-045 
1-510 
0-998 
0-743 
0-589 
0-487 
0-414 


36723 

17818 

14870 

13166* 

13641 

17946 

51936 










10 


15 12080 


47-3 


3-020 


37616 



350 
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Table 72 — {continued). 



• 

a 

3 
3 

2 

> 


• 

2 

3 
» 

"o 

-< 


Steam. 


Cooling 


water. 


Air. 


• 

§• i 

s 2 
c» o 

H ! H 


ha 


* 

I 

3 

i2 


»m> 

"3 


3 

X 

m 

a 

•— < 


• 


Volume. 


mm. 


mm. 


°C. ! c. 


f*. 


'.. 


kilos. 


mm. 


kilos. 


Litres. 


700 


60 


44 619 


10 


20 


5990 


4261 


1-498 


22320 


• • 






ft 


25 


3960 


3645 


0990 


17543 


7 W 






ft 


30 


2945 


28-45 


0-736 


17046* 


f • 






ft 


35 


2336 


1817 


0-584 


21520 








tt 


40 


1930 


51 


0-483 


60520 


f f 






15 


20 


11980 


42-61 


2-995 


44495 


y y 






»» 


25 


5940 


36-45 


1-485 


26314 


y y 






i» 


30 


3927 


28-45 


0-982 


22743* 


y y 






»» 


35 


2920 


1817 


0-730 


27500 


y y 






I? 


40 


2316 


51 


0-579 


77169 


y y 






20 


25 


11880 


36-45 


2-970 


52628 


• • 






j» 


30 


5890 


28*45 


1-473 


34115* 


y y 






»» 


35 


3893 


1817 


0-976 


35965 


y y 






»> 


40 


2895 


51 


0-724 


90826 


y y 






25 


30 


11780 


28-45 


2-945 


68204 


y y 






»> 


35 


5840 


1817 


1-460 


53801* 


y y 






»» 


40 


3860 


5-1 


0*965 


121059 


y f 






30 


35 


11680 


1817 


2-920 


107602* 


y y 






»» 


40 


5790 


51 


1-448 


181640 


y y 






35 


40 


11580 


51 


2-895 


363177 


710 


50 


38 618 


5 


10 


12160 


40-8 


3 040 


45661 


y f 






»t 


15 


6059 


373 


1-508 


25259 


y y 






t» 


20 


3986 


32-61 


0-997 


18474 


y y 






>t 


25 


2965 


26-45 


0-741 


18147* 


y y 




i 


tt 


30 


2352 


18-45 


0-588 


20997 


> j 




i ii 


tt 


35 


1943 


8-17 


0-486 


40780 


j) 








10 


15 


12060 


37*3 


3015 


50501 


f» 




tt 




tt 


20 


5980 


32-61 


1-495 


27601 


f j 




i 

i 


tt 


25 


3953 


26-45 


0-988 


24460* 


ft 






tt 


30 


2940 


18-45 


0-735 


26247 


f I 








tt 


35 


2332 


8-17 


0-583 


48920 


ft 








15 


20 


11960 


32-61 


2-990 


58375 


ft 






tt 


25 


5930 


26-45 


1-483 


36322 


ft 




l 


1 1 


30 


3920 


18-45 


0-980 


35106* 


ft 




i, ! n 


tt 


35 


2915 


8-17 


0-729 


51268 


»» 






»»• 


20 


25 


11860 


26-45 


2-965 


73013 



THE AIR FROM WET CONDENSERS. 
Table 72 — (continued). 





i 

1 


Steam. 


Cooling water. 


Ail. 


2 


. 


. 




























i 


2 


1 i 


1 


•j 


j, 


g 


^ 


£ 


§ 




1 ' 5 


ll 


•at 


■fi 


I 


"Si 


| 


i 

> 


i 


a ; 3 
& j &- 


a 1 


2i 


I 


1 

£ 


1 


[» 


mm. 


mm. 


•C. | , 


C, 


t.. 


kilos. 


mm. 


kilo,. 


Litre*. 


710 


50 


38 | 618 


20 


30 


5880 


18 45 


1-470 


52494* 










35 


3887 


817 


0-972 


81544 






M 


lf 


25 


30 


11760 


18.45 


2*940 


104587* 












35 


5830 


817 


1-458 


122341 










30 


35 


11660 


8-17 


2-915 


244597 


720 


40 


34-5 j 617 


5 


10 


12140 


308 


3-035 


60457 






. 




15 


6020 


273 


1-505 


34404 










20 


3980 


2261 


0-995 


27108* 










H 


25 


2960 


1645 


0-740 


28986 












30 


2348 


8-45 


0-587 


46937 










ib 


15 


12040 


273 


3010 


68809 












20 


5970 


22-61 


1-493 


42312 












25 


3946 


1645 


0-987 


38641* 












30 


2935 


8-45 


0-734 


58690 










15 


20 


11940 


22-61 


2 985 


84565 












25 


5920 


16-45 


1-480 


58134* 












30 


3913 


8-45 


0-978 


79472 










20 


25 


11840 


16-45 


2-960 


116269 












30 


5870 


8-45 


1 468 


117541 










25 


30 


11740 


8-45 


2-935 


234682 


730 


30 


29 


615 


5 


10 


12110 


20-8 


3-028 


89599 












15 


6000 


173 


1-500 


54090 












20 


3966 


12-61 


0-991 


50174* 




M 








25 


2950 


6-45 


0-738 


123277 










10 


15 


12000 


17-3 


3000 


108180 












20 


5950 


12-61 


1-488 


75337* 












25 


3933 


6-45 


0-983 


100065 










15 


20 


11900 


12-61 


2-975 


147709 












25 


5900 


6-45 


1-475 


150553 










20 


25 


11800 


6-45 


2950 


300605 


740 


20 


21 


613 


5 


10 


12060 


10-8 


3015 


172126 








It 




15 


5980 


7-3 


1-495 


128929* 












20 


3950 


2-61 


0-985 


179950 










ib 


15 


11960 


7-3 


2-990 


257858 












20 


5930 


2-61 


1-483 


270858 




» 






15 


20 


11860 


2-61 


2-965 


541676 
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water, the higher is the vapour pressure over it, and tJierefore the lower 
is the pressure of the air and the greater its specific volume. 

On the supposition that the weight of air to be exhausted is . 
directly proportional to that of the injected water, this most favour- 
able condition (the exhaustion of the least volume of air), which is 
indicated in Table 72 by an asterisk (*), also occurs at the same 
temperatures of the outflow if the cooling water has a proportion of air 
different to that which we assumed. Unfortunately our supposition 
of the complete proportionality between air and water is not quite 
reliable. In reality, therefore, the most favourable condition fre- 
quently occurs at another temperature, which cannot be determined 
beforehand. It must suffice to know that there is a most favourable 
temperature, which can well be found for apparatus at work. 

Since wet air-pumps must carry off the air in addition to the 
injected water, their dimensions must be so taken that to the volume 
of air to be exhausted, as given in Table 72, is added the injected 
water, W. 



C. The Volume of Air to be Exhausted from Dry Fall-pipe 

Jet-condensers. 

A dry air-pump is one which exhausts the air and uncondensed 
gases from the condenser, but ?wt the water. It takes the air from 
the condenser at the place where the cooling water enters, and thus 
the exhausted air has quite or almost the temperature of this in- 
jected water, t a . 

On our assumption, the weight of air taken from the condenser — 
that to be exhausted by the air-pump — is directly proportional to the 
quantity of the injected water; therefore equation (255) gives here 
also the weight of air : 

*-w w 

Equation (259) is used to determine the volume of air t F„, which the 
dry air-pump has to carry away, with the difference, that instead of 
inserting the temperature of the waste water, t e% for that of the air f 
that of the entering water, t a , is to be used. 

TT0-25(273 + f. )29-27 x 760 _ ^ ^'(273 + t.) 

v " iooo^ 06da5 1 (261 > 
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Table 73 has been calculated by means of this equation. In this 
case, as with wet condensers, a larger or smaller proportion of air in 
the injected water increases or diminishes the volume of air to be 
exhausted. 

The chief differences between wet and dry condensers (almost 
entirely to the advantage of the latter) are the following : — 

The temperature of the water from dry (fall-pipe) condensers may 
be higher than from wet condensers, since, as we know, it may 
almost attain the temperature of the vapours passing into the con- " 
denser. Dry condensers, therefore, require much less water than 
wet condensers of the same capacity. 

The smaller quantity of water brings a correspondingly smaller 
quantity of air into the apparatus, and, since this air is almost at the 
temperature of the entering cooling water, i.e., much colder than in the 
wet condenser, the smaller weight of air has also a smaller specific 
volume. Also the vapour mixed with the air has a lower temperature, 
and therefore a lower pressure, and there remains a larger fraction of 
the total pressure in the condenser for the air. Thus there is almost 
always a smaller volume of air to be exhausted from a dry condenser, 

Dry air-pumps may run at a greater speed than wet, because they 
have no water to overcome ; for the same reason they may always be 
smaller than wet pumps for the same evaporative capacity. 

Comparing the very different volumes of air to be exhausted in 
the different cases considered in Table 73, the following conclusions 
may be drawn : — 

1. Even with very warm cooling water /airly ijaod vacua may be 
reached by means of dry condensation. Such conditions require only 
much cooling water and large air-pumps. The cooling water is still 
usable when it is only a few degrees cooler than the temperature of the 
evaporating liquid. 

2. The more nearly the temperature of the exhausted air approaches 
to that of the entering cooling water, and that of the waste water to the 
temperature of the evaporating liquid, i.e., the more completely the 
cooling water is utilised, the better is the condensation and the smaller 
may the air-pump be. When the air-pump is only just large enough 
under given conditions, the condensation can never be improved, but 
only made worse, by a larger water supply. 

3. It is very important to take the air quite cold from the condenser. 
Tiic colder the air, the better the v 
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EVAPORATING AND CONDENSING APPARATUS. 



Table 73. 

The consumption of cooling water and volume of air, in litres, to be 
exhausted, for the condensation of 100 kilos, of steam at vacua of 
600-740 mm. 

Initial temperature of the cooling water, t a , = 5° to 50° C. 
Final „ „ „ t e , = 10° to 61 5° C. 

in dry, fall-pipe jet-condensers. 



Vacuum, 600 mm. 




Absolute pressure, 160 mm. 


Temperature, 61-5° C. 




Total heat, c = 625 cals. 


Cooling water. 


Air. 


Initial 
tempera- 


Final 
tempera- 


Weight. 


Tempera- 
ture 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 




U U A W. 








!<!• 


te- 


kilos. 


tia» 


mm. 


kilos. 


Litres. 


5 


61-5 


997 


5 


1535 


0-25 


978 


>*■ 


it 


»» 


10 


150-8 


tt 


1017 


tt 


a 


tt 


15 


147-3 


it 


1055 


»* 


55 


1140 


5 


153-5 


0-285 


1114 


11 


»» 


it 


10 


150-8 


»» 


1159 


ti 


ii 


it 


15 


147*3 


>» 


1205 


it 


50 


1277 


5 


153-5 


0-319 


1247 


it 


it 


ii 


10 


150-8 


ii 


1298 


»» 


it 


ti 


15 


1473 


it 


1346 


10 


61-5 


1094 


10 


150-8 


0-274 


1115 


ti 


ii 


ii 


15 


147-3 


ii 


1156 


ti 


a 


ii 


20 


142-6 


tt 


1210 


11 


55 


1266 


10 


150-8 


0-317 


1289 


11 


»» 


it 


15 


147-3 


tt 


1338 

* 


it 


ii 


tt 


20 


142-6 


tt 


1400 


tt 


50 


1437 


10 


150-8 


0-359 


1460 ] 


it 


ti 


it 


15 


147-3 


a 


1515 ] 


tt 


tt 


ii 


20 


142-6 


ti 


1586 


15 


61-5 


1212 


15 


147-3 


0-303 


1279 


ii 


ii 


ii 


20 


142-6 


ti 


1338 


ti 


ii 


ii 


25 


136-5 


it 


1430 i 


»> 


55 


1425 


15 


147-3 


0-356 


1502 


ii 


»» 


ii 


20 


142-6 


>> 


1572 




THE AIR FROM DRY CONDENSERS. 
Table 73 — (continued). 



'ncuum, 600 m 






Absolute pressure, 160 mm. 


emperature, 61-5° G. 




Total heat 


c = 625 cal.s. 


Cooliog water. 


A*. 


~ 


Pinal 
tempera- 


Weight. 


Tempen- 


Pressure. 


Weight. 


Volume. 




55 


1425 


25 


136-5 


0-356 


1680 




50 


1642 


15 

20 
25 


147-3 
142-6 
136-5 


0-41 


1732 
1811 
1938 




615 


1385 


20 
25 
30 


142-6 
136-5 
128-5 


0-346 


1528 
1633 
1776 




55 


1629 


20 

25 
30 


142-6 
136-5 
128-5 


0-407 


1798 
1921 
2088 




50 


1917 


20 
25 
30 


142-6 
1365 
128-5 


0-479 


2116 
2259 
2449 




61-5 


1544 


25 
30 
35 


136-5 
128-5 
118-2 


0-386 


1831 
1981 
2173 




55 


1900 


25 
30 
35 


136-5 
128-5 
118-2 


0-475 


2242 
2438 
2674 




50 


2300 


25 
30 
35 


136-5 
128-5 
118-2 


0-575 


2714 
2953 
3237 




615 


1772 


30 
35 
40 


128-5 
118-2 
1051 


0-443 


2274 
2494 
2856 




55 


2280 


30 
35 


128-5 
1182 


0-570 


2926 
3209 




." 




40 


105-1 




3675 



356 



EVAPORATING AND CONDENSING APPARATUS. 



Table 73 — (continued). 



Vacuum, 600 mm. 




Absolute pressure, 160 mm. 




Temperature, 61-5° C. 




Total heat, c = 625 cals. 




Cooling water. 




Air. 






Initial 


Final 




Tempera- 
ture. 


i 






tempera- 


tempera- 


Weight. 


Pressure. ! Weight. 


Volume. 




ture. 


ture. 




1 






t» 


t,. 


kiloB. 


6«« 


mm. 


kilos. 


Litres. 




1 
30 j 50 


2875 


30 


128*5 


• - 

0-719 


3691 




i 


it 


35 


118-2 


»> 


4048 




tt 


it 


it 


40 


1051 


it 


4635 




35 


61-5 


2125 


35 


118-2 


0-531 


2992 




n 


it 


it 


40 


1051 


it 


3426 




it 


it 


it 


45 


88-6 


it 


4128 




n 


55 


2850 


35 


118-2 


0-712 


4011 




it 


it 


it 


40 


105-1 


it 


4593 




tt 


it 


it 


45 


88-6 


n 


5524 




it 


50 


3833 


35 


118-2 


0-958 


5394 




»i 


it 


>» 


40 


105-1 


a 


6175 




tt 


it 


»» 


45 


88-6 


it 


7427 




40 


61-5 


2626 


40 


105-1 


0-657 


4299 


i 


tt 


it 


ti 


45 


88-6 


it 


5094 




yy 


it 


a 


50 


68 


it 


6747 


1 
i 


tt 


55 


3800 


40 


105-1 


0-950 


6124 




tt 


it 


it 


45 


,88-6 


tt 


7365 


i 


»» 


it 


»» 


50 


68 


it 


9756 




a 


50 


5750 


40 


105-1 


1-437 

it 


9263 




it 


it 


»» 


45 


88-6 


11141 




it 


it ! ii 


50 


68 


it 


14758 


• 


45 


61-5 , 3415 


45 


88-6 


0-854 


6621 




it 


it ! ii 


50 


68 


it 


8770 




tt 


it | ii 


55 


42-5 


it 


14262 




tt 


55 5700 


45 


886 


1-425 


11047 




it 


it it 


50 


68 


it 


14634 




a 


»i 


it 


55 


42-5 


ti 


23798 


i 


it 


50 , 11500 


45 


886 


2-875 


22090 


1 

■ 




i 
i 




■ 







THE AIR FROM DRY CONDENSERS. 
Table 73 — (continued). 



aeuum, 600 mm. 




Absolute pressure, 16C 


mm. 


emperWure, 61'6°C. 




Total heat 


c625eaU. 


Cooling water. 


Air. 


I 


Final 

tempera- 


Weight. 


Temper*. 


Pressure. 


Weight. 


Volume. 




'•■ 


kik.s. 


r ta . 


mm. 


HI... 


UML 




50 


1150O 


50 
55 


68 
42-5 


2-875 


29526 
58013 




61-5 


1895 


50 
55 
60 


68 

42-2 

12 


1-224 


12450 
20300 
169500 




56 


11300 


50 


68 


2-825 


29013 


acuum, 620 mm. 




Absolute pressure, IK 


mm 


emporature, 68-5° C. 




Total heat, c = 624 c 


Is. 




58-5 


1057 


5 
10 
15 


133-5 
130-8 
127-3 


0-260 


1185 
1215 
1269 




50 


1276 


5 
10 
15 


133-5 
130-8 
127-3 


0-319 


1454 
1489 
1557 




45 


1447 


5 
10 
15 


133-5 
130-8 
127-3 


0-362 


1650 
1692 
1767 




58-5 


1166 


10 

15 
20 


130-8 
127-3 
122-6 


0-291 


1342 
1423 
1605 




50 


1435 


10 
15 
20 


130-8 
127-3 
122-6 


0-359 


1678 
1752 
1856 




45 


1654 


10 
15 
20 


130-8 
127-3 
122-6 


0-414 


1935 
2020 
2140 



EVAPORATING AND CONDENSING APPARATUS. 

Table 73 — {continued). 









AWluli.. pressure, 140 mm. 


Temperature, W5 U C. 




Total beat 




Cooling water. 


Air. 


tempera- 


Final 

tempora- 


Weight. 
kiloB. 


Tempera- 


Pressure. 


1 
Weight. , Volume. 

kilos. Litre*. 


15 


58-5 


1300 


15 
20 
25 


127-3 
1226 
116 5 


0-325 


1586 

1680 
1797 




50 


1G40 


15 
20 
25 


1273 
1226 
116-5 


0-410 


2001 
2120 
2267 




45 


1930 


15 
20 
25 


127-3 

122-6 
116-5 


0482 


2355 

2495 
2668 


20 


58 


1.516 


20 

25 
30 


1226 
116-5 

108-5 


0-379 


1959 
2094 
2310 




50 


1913 


20 

25 
30 


122-6 
116-5 

108-5 


0478 


2471 
2703 
2913 




45 


2315 


20 

25 
30 


122-6 
116-5 
108-5 


0-579 


2993 
3202 
3529 


25 


58 


1715 


25 

30 
35 


116-5 
108-5 
98-2 


0-429 


2372 
2615 

2913 




50 


2296 


25 
30 
35 


116-5 

1085 
98-2 


0-574 


3174 

3498 
3892 




45 


2895 


25 
30 
35 


116-5 

1085 
98-2 


0-724 


4004 
4413 
4908 


30 


58 


2021 


30 


108-5 


0-505 


3073 



THE AIR FBOM DRY CONDENSERS. 

Table 73 — {continued). 









Absolute J 


ressure. 140 mm. 


Temperature, t& , b° C. 




Total Ilea 


i ■ = 624 cale. 


Cooling water. 


Air. 


£S£». 


Final 

tempera- 


Weight. 


Tempera - 


Pressure. 


Weight, 


Volume. 


*.. 


,.. 


kilo.. 


<«.. 


mm. 


kiloi. 


Litres. 


30 


58 


2021 


35 

40 


98-2 
851 


505 


3424 

4020 




50 


2870 


30 
35 
40 


108-5 
98-2 
85-1 


0-718 


4376 
4868 
5715 




45 


3860 


30 
35 
40 


108-5 
982 

85-1 


0-965 


5855 
6543 
7681 


35 


58 


2304 


35 
40 

45 


98-2 
85-1 
68-6 


0-576 


3905 
4585 

5777 




50 


3827 


35 
40 
45 


98-2 

85-1 
68-6 


0-957 


6488 
7618 
9599 




45 


5790 


35 

40 
45 


98-2 
85-1 

68-6 


1-448 


9817 
11526 
14523 


40 


58 


3144 


40 
45 

50 


85-1 
68-6 

48 


0786 


6257 

7884 
11444 




50 


5740 


40 
45 

50 


85-1 
686 

48 


1-435 


11022 
14393 

20893 




45 


11580 


40 
45 
50 


85-1 
68-6 

48 


2-895 


23044 

29037 
42151 


45 


58 


4354 


45 


68-6 


1-089 


10923 






50 


48 




15856 



360 



EVAPORATING AND CONDENSING APPARATUS. 



Table 73 — (continued). 



Vacuum, 620 mm. 




Absolute pressure, 140 mm. 


Temperature, 58*5° C. 




Total heat, c = 624 cals. 

• 


Cooling wate 


ir. 


Air. 


Initial 


Final 


Tempera- 
ture. 








tempera- 


tempera- 


Weight. 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 










*«. 


t,. 


kilos. 


Urn* 


mm. 
22-5 


kilos. 


Litres. 


45 


58 


4354 


55 


1089 


34685 


>» 


50 


11480 


45 


686 


2-870 


28786 


»» 


i» 


>» 


50 


48 


»» 


41787 


»» 


»» 


»» 


55 


22-5 


»» 


91410 


50 


58 


7075 


50 


48 


1-769 


25766 


Vacuum, 640 m 


m. 




Absolute pressure, 120 mm. 


Temperature, 5/ 


5°C. 




Total heat, c = 623 cals. 


1 

5 1 55 


1136 


5 


113-5 


0-284 


•1503 


>» 


a 


it 


10 


1108 | „ 


1568 


»» 


»» 


»» 


15 


107-3 „ 


1647 


»» 


50 


1251 


5 


113-5 ' 0-313 


1656 


»* *» 


> » 


10 


110-8 


1728 


i 


»» 


15 


1073 


1815 


„ i 45 


1445 


5 


113-5 0-3615 


1924 


»» ! >» 


»> 


10 


110-8 


1995 


»> 


»» 


>> 


15 


107-3 


2096 


10 


55 


1262 


10 


110-8 0-315 


1739 


ft 


II 


»» 


15 


107-3 i „ 


1828 


II 


k II 


»» 


20 


102-6 


ii 


1943 


II 


50 


1432 


10 


110-8 


0-358 


1976 


II 


>» 


>» 


15 


107-3 


i» 


2076 


II 


»> 


»> 


20 


102-6 


»i 


2209 


II 


45 


1651 


10 


110-8 | 0-413 


2280 


II 


»» 


>> 


15 


107-3 1 „ 


2395 


>> 


II 


»> 


20 


102-6 ! 


2548 



THE AIR FROM DRY CONDENSERS. 

Table 73 — (continued). 



Vacuum, 640 in 






Absolute pressure, 120 mm. 


Temperature, 56" C. 




Total heft 


c = 623 oils. 


Cooling water. 


Air. 


Initial 


Final 




Tempo ra- 








tempera- 


tempera- 


Weight. 


Pressure, 


Weight. 


Volume. 


ture. 


ture. 












'- 


'- 


Wot 


'" 


mm. 


kilos. 


Litre. 


15 


55 


1420 


15 
20 

25 


107-3 
102-6 
96-5 


0-355 


2004 
2190 

2382 


" 


50 


1637 


15 
20 
25 


107-2 
102-6 
96 5 


0409 


2372 
2524 

2732 




45 


1927 


15 
20 
25 


1072 

102-6 
96-5 


0-482 


2796 
2974 
3218 


20 


55 


1625 


20 
25 
30 


102-6 
96-5 

88-5 


0406 


2505 
2712 

3039 




50 


1910 


20 
25 
30 


102-6 
96-5 
88-5 


0-480 


2962 
3206 
3593 




45 


2312 


20 
25 
30 


102-6 
96-5 

88-5 


0-578 


3566 
3861 
4326 


25 


55 


1893 


25 
30 
35 


96-5 
88-5 
783 


0-473 


3160 
3540 
4026 




50 


2292 


25 
30 
35 


96-5 

88-5 
78-2 


0-573 


3828 
4289 
4877 




45 


2890 


25 
30 
35 


96-5 

88-5 
78-2 


0-722 


4824 
5408 
6150 


30 


55 


2272 


30 


885 


0568 


4241 



362 



EVAPORATING AND CONDENSING APPARATUS. 



Table 73 — (continued). 



Vacuum, 640 mm. 




Absolute pressure, 120 mm. 


Temperature, 55 


.°o. 




Total heat 


, c = 623 calB. 


Cooling water. 


Air. 


Initial 


Final 




Tempera- 
ture. 








tempera- 


tempera- 


Weight. 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 










t n . 


t*. 


kilos. 


tla- 


mm. 


kilos. 


Litres. 


30 


55 


2272 


35 


782 


0-568 


4766 


i» 


ii 


»» 


40 


65-1 


i» 


5927 


»» 


50 


2865 


30 


88-5 


0-716 


5359 


it 


it 


i» 


35 


78-2 


a 


6094 


ii 


ii 


ii 


40 


651 


a 


7471 


ii 


45 


3833 


30 


88-5 


0956 


7156 


ii 


ii 


M 


35 


78-2 


it 


8137 


a 


it 


»» 


40 


65-1 


a 


9976 


35 


55 


2840 


35 


78-2 


0710 


6043 


ii 


ii 


ii 


40 


651 


i» 


7409 


ii 


a 


it 


45 


48-6 


ii 


10039 


a 


50 


3820 


35 


78-2 


0955 


8128 


it 


ii 


ii 


40 


651 


ii 


9965 


a 


ii 


ii 


45 


48-6 


ii 


13504 


a 


45 


5780 


35 


78-2 


1-445 


12298 


ii 


ii 


.11 


40 


651 


»» 


15079 


ii 


ii 


ii 


45 


48-6 


ii 


20342 


40 


55 


3787 


40 


651 


0-947 


9882 


*> 


ii 


i » 


45 


48-6 


ii 


13391 


ii 


ii 


1* 


50 


28 


ii 


22018 


ii 


50 


5730 


40 


65-1 


1-432 


14943 


> i 


ii 


ii 


45 


48-6 


ii 


20248 


ii 


it 


»» 


50 


28 


it 


33294 


ii 


45 


11560 


40 


651 


2-89 


30157 


ii 


ii 


ii 


45 


48-6 


ii 


40685 


ii 


ii 


ii 


50 


28 


a 


67193 


45 


55 


5680 


45 


48-6 


1-420 


20779 


ii 


i» 


If 


50 


28 


it 


35684 



THE AIR FROM DRY CONDENSERS. 

Table 73 — (continued). 









Temperature, 55° C. 




Total heat, e = 823 c&U. 


Cooling water. 


Air. 


Initial 














tempera- 


tempera- 


Weight. 




Preesure. 


Weight. 


Volume. 


u. 


'«■ 


kilos. 


tu- 


»»■ 


Mo.. 


Ll.„,. 


45 


56 


5680 


55 


2-5 


1-420 


296360 




50 


11460 


45 
55 


48-6 
28 
2-5 


2 865 


40511 
71997 
595920 


50 


55 


11360 


50 


28 


2-840 


71369 


Vacuum, 660 m 






Absolute pressure, 1(X 


mm. 


Temperature, 5 


"0, 




Total heat, c = 622 c 


Js. 


5 


52 


1213 


6 
10 


93-5 
908 


0-303 


1947 
1865 










15 


873 




2160 






45 


1440 


5 
10 
15 


936 
90-8 
873 


0-360 


8313 
2216 
2567 






40 


1660 


5 

10 
15 


935 
90-8 
873 


0-415 


2666 
2555 
2958 


10 


52 


1357 


10 
15 


908 
87-3 


0339 


2087 
2417 










20 


82-6 




2600 






45 


1650 


10 
15 
20 


90-8 
87-3 
826 


0-412 


2539 
2941 
3164 






40 


1940 


10 
15 
20 


908 
873 
82-6 


0-465 


2986 
4458 
3720 



EVAPORATING AND CONDENSING APPARATUS. 
Table 73 — (continued). 



Vacuum, 660 m 






Absolute pressure, 100 mm. 


Temperature, 5 


»C. 




Total Ilea 


c = 622 cals. 


Cooling water. 


A.,. 


Id it i&l 


Final 
tempera- 


Weight. 


Teropyra- 


Pressure. 


Weight. 


Volume. 


t. 


1.. 


UK* 


<*. 


mm. 


kilos. 


Litres. 


15 


52 


1540 


15 
20 
25 


87-3 
826 
76-5 


0-38S 


2745 
2953 
3241 




45 


1923 


15 
20 
25 


87-3 
82-6 
765 


0481 


3429 
3689 
4049 


I 


40 


2326 


15 
20 
25 


873 
82-6 

76 '5 


0582 


4149 
4464 
4899 


20 


52 


1781 


20 
25 
30 


82-6 
76-5 
685 


0-446 


3413 
3746 
4326 




45 


2308 


20 
25 
30 


82-6 
76-5 
68-5 


0-577 


4426 
4a57 
5610 




40 


2910 


20 
25 
30 


82-6 
76-5 

68-5 


0-782 


5584 
6128 
7078 


25 


52 


2111 


25 
30 
35 


76-5 
68-5 

58-2 


0528 


4445 
5133 
6040 




45 


2885 


25 
30 
35 


76-5 
68-5 
58-2 


0-721 


6069 
7010 
8248 




40 


3800 

■■ 


25 
30 
35 


76-5 
68-5 

58-2 


0-950 


7997 
9236 
10868 


30 


52 


2591 


30 


68-5 


0-648 


6300 
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Table 73 — (continued). 



Vacuum, 6G0 m 






AliMilud? pressure, 100 mm. 


Temperature, 52° C. 




Total heat, c = G22 cala. 


Cooling water. 


Ai, 


Initial 


Final 




Tempera - 








tempera- 


tempera- 


Weight. 


Pressure. 


Weight. 


V oluma. 


ture. 


ture. 












L. 


., 


kilos. 


[*. 


mm. 


kilos. 


Litres. 


30 


52 


2591 


35 
40 


58-2 
45-1 


0-648 


7413 
9662 




45 


3848 


30 
35 
40 


68-5 
58-2 
461 


0962 


9353 
11005 
14478 


" 


40 


5820 


30 
35 

40 


68-5 
58-2 

45-1 


1-455 


14146 
16645 
21898 


35 


52 


3354 


35 
40 

45 


58-2 
451 
28-6 


0-839 


9599 

12627 
20268 


" 


45 


5770 


35 

40 
45 


58-2 
46-1 
28-6 


1-442 


16502 
21709 
34946 




40 


11640 


35 
40 

45 


58-2 

45*1 
28-6 


2-910 


33290 
43796 

70297 


40 


52 


4750 


40 

45 
50 


451 
28-6 

8 


1188 


17879 
28699 
106540 




45 


11540 


40 
45 
50 


45*1 
28-6 
8 


2-885 


43419 
69693 

258727 


45 


52 


8143 


45 

50 


28-6 
8 


2036 


49180 
182108 


50 


52 


- 


- 


- 


- 


- 



366 
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Table 73 — (continued). 



Vacuum, 680 mm. 




Absolute pressure, 8C 


I mm. 


Temperature, 48° C. 




Total heat, c = 621 cals. 


Cooling water. 


Air. 


Initial 


Final 




Tempera- 

t.UTA 








tempera- 


tempera- 


Weight. 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 




um o. 








fa» 


t<. 


kilos. 


tla- 


mm. 


kilos. 


Litres. 


5 


48 


1356 


5 


73-5 


0-369 


2773 


»» 


ii 


ii 


10 


70*8 


a 


2963 


it 


ii 


ii 


15 


67 3 


ii 


3145 


a 


40 


1718 


5 


735 


0-4295 


3512 


ii 


ii 


ii 


10 


70-8 


ii 


3754 


it 


ii 


ii 


15 


67*3 


ii 


3984 


ii 


35 


1953 


5 


735 


0-488 


3992 


» » 


ii 


»» 


10 


70-8 


i» 


4158 


ii 


ii 


ii 


15 


67*3 


»i 


4527 


10 


48 


1509 


10 


70-8 


0-377 


3295 


ii 


»» 


ii 


15 


67*3 


a 


3497 


it 


ii 


»» 


20 


62-6 


it 


3827 


ii 


40 


1937 


10 


70-8 


0-484 


4230 


ii 


M 


»i 


15 


67*3 


ii 


4490 


ii 


It 


»» 


20 


62-6 


ii 


4912 


ii 


35 


2344 


10 


70-8 


0-586 


5122 


ii 


ft 


»» 


15 


673 


ii 


5436 


a 


>» 


»i 


20 


62 6 


ii 


5948 


15 


48 


1737 


15 


673 


0-434 


4026 


>» 


ii 


f > 


20 


623 


4405 


a 


ii 


11 


25 


56-5 


it 


4958 


ii 


40 


2324 


15 


673 0581 


5389 


ii 


It 


»> 


20 


62-6 


a 


5897 


it 


»» 


11 


25 


56*5 


tt 


6638 


a 


35 


2930 


15 


673 


0-732 


6790 


ii 


»» 


»» 


20 


62.6 


7435 


»! 


ii 


ii 


25 


56*5 


tt 


8369 


20 


48 


2040 


20 


62-6 


0510 


5177 



THE AIR FROM DRY CONDENSERS. 

Table 73 — (continued). 



Vacuum, 680 m 






Absolute 


lin'Miin-, r!Q null. 


Temperature, 48° C. 




Total heat, c - G2I cats. 


Cooling water. 


Air. 


Initial 
tempera- 


Final 
tempera- 


Weight. 


Tempera- 


F'ns sit tire. 


Weight, 


Volume. 


u. 


,.. 


■» 


fa. 


mu, 


kilos. 


Litre.. 


20 


48 


2040 


25 

30 


55 5 
485 


0-510 


5827 

7043 




40 


2905 


20 
25 

30 


62-6 
555 

48'5 


0726 


7369 

8295 
10026 




35 


3908 


20 
25 
30 


62 6 

55*5 
48'5 


0-977 


9917 
11162 
13492 


25 


48 


2491 


25 

30 
35 


56 '5 
485 
38 2 


0-623 


7118 
8603 

10870 




40 


3866 


25 

30 
35 


56-5 
48-5 
38-2 


0-967 


11047 
13354 

16903 




35 


5770 


25 
30 
35 


56-5 
48-5 

38-a 


1-442 


16475 

19901 
25215 


30 


48 


3184 


30 
35 

40 


48'5 
38 2 
261 


0-796 


10993 
13949 
22246 




40 


5810 


30 


481 


1-453 


20070 


„ 






35 


38-5 


1 25433 


„ 






40 


251 


1 41059 




35 


11720 


30 


48-5 


2*930 40460 








35 


38-5 


51196 








40 


251 


80780 


35 


48 


4408 


35 


38-2 


1102 19263 








40 


98-i 


30382 



Mh 
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Tabi*b 73 — t continued). 



Vacunm, »W0 mm. 




Abaolate pressure, 30 mm 


TflrmpCTfirture, 4#° C. 
Cooling water. 

Initial ! Pinal 
tempera- | tempera- Weight. 




Total beat, c = 621 .;*!■. 


Tempera- 
nun* 


J 

Pressure. 


ir. 




Weight. 


Volume. 


tare. • core. 




UU li • - « 








i 


kilo*. 


'*.. 


mm. kilos. 


Litres. 


35 


48 


4408 


45 


86 1-102 


•>4*H7 


40 


11620 


35 


382 2-906 


50769 


»> 


»t 


»i 


40 


251 


80090 


»» >» 


»* 


45 


86 


91895 


40 


48 


7043 


40 


251 1761 


48561 


ft 


»» 


»» 


45 


8-6 


146850 


45 


48 


19100 


45 


86 4-775 


— 


Vftcunm, 700 mm. 




Absolute pressure, 60 mm. 


Temperature, 44 

- 

5 44 


re. 

1474 




Total heat, c = 619 cals. 


53 5 0-369 


4149 


ft >> 


»> 


10 


50-8 


4446 


»> i tt 


»> 


15 


473 


4863 




1945 


5 


535 1 0486 


5465 


tt *t 


>> 


10 


50-8 „ 1 


5816 


tt tt 


»> 


15 


473 


6405 


It 


30 


2356 


5 


53-5 0-589 


6623 


tt tl 


>» 


10 


50'8 


7097 


tt tt 


>» 


15 


473 


7763 


10 


44 


1691 


10 


508 0-425 


5121 


M 


it 


tt 


15 


47-3 


5502 


♦ 1 


tt 


It 


20 


42-6 


it 


6333 


♦ t 


35 


2335 


10 


50-8 


0-584 


7037 


tt 


»• 


t» 


15 


473 i „ 


7697 


tt 


t» 


»t 


20 


426 | „ 


8702 


•t 


30 


2945 


10 


50-8 


0-736 


8869 



THE AIR FROM DRY CONDENSERS. 

Table 78 — (continued). 



acmitn, 700 m 






Absolute 


iff.--, lire, iU 


mm. 


temperature, i 


"C. 




Total heat. < - 619 cals. 


Cooling water. 


Air. 


1 


Final 
tempera- 


Weight. 


Tempera- 


P_ 


Weight. 


Volume. 




f - 


kiloa. 


.,.. 


„1,1, 


kilos. 


Litre.. 




30 


2945 


15 
20 


47-3 
42 '6 


0736 


9700 
10966 




44 


1983 


15 

20 
25 


47'3 
42 6 
36 5 


0-496 


6537 

6390 
8779 




35 


2920 


15 
20 
25 


473 
426 
36-5 


0-730 


9621 

10877 
12921 




30 


3926 


15 
20 
25 


473 
42-6 
365 


0-981 


12936 

14624 
17363 




44 


2396 


20 
25 
30 


426 
365 
28-5 


0-599 


8925 

10602 
14364 




35 


3890 


20 
25 
30 


42-6 
365 

28-5 


0-972 


14483 
17204 
23309 




30 


5890 


20 
25 
30 


426 
36 5 
28-5 


1-472 


21933 
26063 
35310 




44 


3026 


25 
30 
35 


36 5 
285 
18-2 


0-757 


13399 

18153 
27858 




35 


5840 


25 
30 
35 


36-5 
28 5 
18-2 


1-460 


25842 
35011 

53728 




30 


11780 


25 
30 
35 


36-5 
285 
18-2 


2-945 


52126 
70621 
108376 








24 









370 
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Table 73 — (continued). 



Vacuum, 700 mm. 
Temperature, 44° C. 


• 


Absolute pressure, 60 mm 
Total heat, c = 619 cals. 


Cooling water. 


Air. 


Initial 
tempera- 
ture. 


Final 
tempera- 
ture. 


Weight. 


Tempera- 
ture. 


Pressure. 


Weight. 


Vol 


t a . 


u. 


kilos. 


Ua* 


mm. 


kilos. 


Li 


30 


44 


4108 


30 


28-5 


1-027 


24 


II 
II 
II 


>> 

it 

35 


11680 


35 
40 
30 


182 

5-1 

28-5 


it 
2-920 


37 

143 

70 


It 


»» 
if 


tt 
it 


35 
40 


182 
51 


ti 


10 
408 


35 


44 


6410 


35 


18-2 


1-603 


58 


»» 


it 


it 


40 


51 


>» 


224 


40 


44 


14425 


40 


51 


3-606 


504 


Vacuum, 710 m 
Temperature, 3* 


m. 
PC. 




Absolute pressure, 5X 
Total heat, c = 618 c 


) mm. 
:als. 


5 


38 


1758 


5 


43*5 


0-440 


6< 




if 

tt 

30 


ii 
2352 


10 

15 

5 


40-8 
373 
43-5 


ii 
0-588 


7< 
7i 

8: 


>* 
»» 
>* 


»» 
25 


»» 
2965 


10 

15 

5 


40-8 
373 
43 5 


ii 
0-741 


10( 

91 

10! 


tt 
it 


tt 
it 


it 


10 
15 


408 
37*3 




121 
12- 


10 


38 


2071 


10 


408 


0-518 


8* 


II 
If 
II 


it 
30 


1 1 
2690 


15 
20 
10 


373 
32-6 
408 


ii 
0-672 


8( 

io: 
111 


II 


tt 


»» 


15 


373 

i 


ii 


115 



THE AIR FROM DRY CONDENSERS. 
Table 73 — (continued). 



Vac 


urn, 710 in 






Absolute 




Temperature, 3 


PC. 




Total heat, c = 618 cals. 


Cooling water. 


Air. 


Initial 


Final 












empera- 


tempera- 


Weight, 
kilos. 


lure. 


Pressure. 


Weight. 

kilos. 


Volume. 


10 


30 


2690 


20 


326 


0-672 


13124 




25 


3953 


10 
15 
20 


408 
373 

32-6 


0-988 


16934 
16539 
19295 


15 


38 


2609 


15 
20 
25 


37 3 
32-6 
265 


0-652 


10914 

12732 
15935 




30 


3920 


15 
20 
25 


373 
32-6 
26-5 


0-980 


16405 

19239 
23951 




35 


5930 


15 
20 
25 


373 
32-6 

26-5 


1482 


13849 

28943 
36220 


20 


38 


3277 


20 
25 
30 


32-6 
26 '5 
18-5 


0-819 


15995 

20016 
30745 




30 


5888 


20 
25 
30 


32-2 
26-5 
18-5 


1-470 


18709 
35927 
55184 




25 
-■ 


11860 


20 
25 
30 


32-6 
26-5 

18-5 


2-970 


58004 
72587 
111494 


35 


38 


4530 


25 
30 
35 


26-5 
18-5 

8-2 


1132 


27678 
42514 
96263 




30 


11760 


25 
30 
35 


265 
18-fi 

8-2 


2-940 


71854 
110368 
249900 



372 
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Table 73 — (continued). 



Vacuum, 710 mm. 
Temperature, 38° C. 




Absolute pressure, 50 mm. 
Total heat, c = 618 c&ls. 


Cooling water. 


Air. 


Initial 
tempera- 
ture. 


Final 
tempera- 
ture. 


Weight. 


Tempera- 
ture. 


Pressure. 


Weight. 


Volu 


t a . 


t,. 


kilos. 


tla. 


mm. 


kilos. 


Lit 


30 


38 


7250 


30 


18-5 


1-812 


68( 


ff 


it 


f» 


35 


8*2 


1 1 


154-3 


35 


38 


19333 


35 


8-2 


4-833 


410$ 


Vacuum, 720 mm. 
Temperature, 84*5° C. 




Absolute pressure, 40 mm. 
Total heat, c = 617 cals. 


5 


34-5 


1974 


5 


33-5 


0-494 


8< 


tt 
tt 
t* 


if 
f f 

25 


»f 
2960 


10 

15 

5 


30-8 
273 
33-5 


0-740 


9$ 
US 
13< 


tt 
tt 
tt 


ff 

a 

20 


f f 
3980 


10 

15 

5 


30-8 
27-3 
335 


f i 
0-995 


14* 
161 
17* 


tt 

tt 


»f 
it 


f i 
ff 


10 
15 


30-8 
27-3 


it 
11 


19$ 
22^ 


10 


34-5 


2377 


10 


30-8 


0-594 


11$ 


tt 
ii 
a 


>f 

ff 
25 


1 1 
3948 


15 
20 
10 


273 
22-6 
30-8 


if 
0-987 


13* 
16$ 
19( 


a 
tt 
tt 


f f 
f » 

20 


if 
5970 


15 
20 
10 


273 
22-6 
30-8 


f f 
1-493 


22* 
271 
29 1 ; 


if 

n 


ff 
ff 


f f 
if 


15 
20 


27-3 
22-6 


fi 
if 


34] 
42-i 


15 


34-5 


3000 


15 


273 


0-750 


171 


»» 


if 


»i 


20 


22-6 


ii 


215 



THE AIR FROM DRY CONDENSERS. 
Table 73 — (continued). 



Vacuum, 730 mm. 






Temperature, 84-6° C. 




Total heet, e = 617 eels. 


Cooling water. 




Air. 




empera- 


Final 
tempera- 


Weight, 


Tempera- 


Pleasure. 


Weight. 


Volume. 


(.■ 


'- 


""- 


,,.. 


»«• 


kiloe. 


«- 


15 


34-5 


3000 


25 


16-5 


0-760 


29108 


" 


25 


5920 


15 
20 
25 


27'3 
22-6 
16-5 


1-480 


33818 
41973 
57439 




20 


11940 


15 
20 
25 


273 
22-6 
16'5 


2-985 


68207 
84654 
115850 


20 


34-5 


3949 


20 
25 
30 


22-6 
16-5 
8-5 


0-987 


27991 
38305 
87676 




25 


11840 


20 
25 
30 


22-6 
16-5 
8-5 


2-960 


85945 
114878 
262936 


25 


34-5 


6131 


25 
30 


165 
8-5 


1-533 


59466 
136176 


30 


34-5 


12947 


30 


8-5 


3-236 


287494 


Vacuum, 730 mm. 




Absolute pressure, 3i 


mm 


Temperature, 29° C. 




Total heat, c = 61S 


Ale. 


5 


29 


2443 


5 


23 5 ! 0-611 


15782 








10 


20-8 1 „ 


18087 








15 


173 ' „ 


21972 




20 


3966 


5 


23-5 0-991 


25697 








10 


20-8 


29440 








15 


17-3 


35636 




15 


6000 


5 


23-5 1-500 


38740 
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Table 78 — (continued). 



Vacuum, 730 m 






Absolute pressure, 30 mm. 


Temperature, 2 1 


■c. 




Total heat, c = 615 cals. 


Cooling water. 


««, 


Initial 
terapera- 


Final 


Weight. 


Tempera- 


Pressure. 


Weight, 
kilo*. 


Volume. 


5 


15 


6000 


10 

15 


20 -8 
17-3 


1-500 


44382 
53940 


10 


29 


3084 


10 
15 

20 


20*8 
17-3 
12-6 


0-771 


20612 
27725 
39051 




20 


5950 


10 
15 
20 


20-8 
17-3 
12-6 


1-488 


44027 
53508 
75367 




15 


12000 


10 
15 
20 


20-8 

17-3 
126 


3-000 


88764 
106783 
151950 


1-5 


29 


4185 


15 
20 
25 


17-3 
12-6 

6-5 


1-046 


37494 

52980 
101012 




20 


11900 


15 

20 
25 


17-3 
126 
65 


2-975 


86981 
150684 
287296 


20 


29 


6511 


20 


12-6 1 1-628 


82458 








25 


6'5 


157916 


3fl 


29 


14650 


25 


65 3-660 

1 


353446 


Vacuum, 740 m 






Aus-iriuti- pressure. 20 mm. 


Temperature. 2 


; C. 




Total heat. ( = 613 cals. 


5 ' 21 


3694 


- 


13a ' 0-924 41626 






10 


10-8 ., 52743 
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Table 73 — (continued). 



Vacuum, 740 mm. 




Absolute pressure, 20 mm. 


Temperature, 2 


•c 




Total heat, e = 619 oils. 


Cooling water. 


Air. 


i»,. w 


Final 
tempera- 


Weight. 


Tempera- 


p™>™ 


Weight. 


Volume. 


ture. 


ture. 










U- 


<- 


kilos. 


'- 


mm. 


"'"»' 


Litres. 


5 


21 


3694 


15 


7'3 


0-924 


79679 




IS 


5980 


5 
10 
IS 


18-5 
10-8 
7-3 


1495 


67350 
85335 
128718 




10 


12060 


5 
10 
16 


13-5 
10-8 
73 


3015 


1S5600 
171280 
258699 


10 


21 


5382 


10 
15 
20 


108 

7-3 
2-6 


1-345 


76773 
115983 
245718 




15 


11960 


10 
15 
20 


10-8 
7-3 
2-6 


2990 


170670 
257836 
566213 


15 


21 


9867 


15 
20 


73 
2-6 


2-467 


212737 
450696 


20 




59200 


20 


2-6 


14-800 


2703812 



D. The Volume of Air to be Exhausted from Surface- 
condensers. 

The cooling water does not come in contact with the interior of 
rf ace- condensers, from which the air-pump exhausts ; hence the 
' carried by this water has not in this case to be taken away by the 
imp. Id surface -condensers the air-pumps have only to extract 
e air introduced from the liquid to be evaporated or distilled and 
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by leakages in the apparatus. The pumps may, therefore, be 
smaller for surface- than for jet-condensers. 

Since there is no experimental guide to the quantity of air intro- 
duced by these means, we can only rely on the general experience 
that the volume of air to be exhausted from surface-condensers is 
about 0*6 of that from jet-condensers. The temperature of this air 
is that of the condensed liquid after it has been cooled. If the 
condensed liquid has the temperature £„,, which is a few degrees 
higher than that of the entering cooling water, then the volume of 
air to be exhausted per 100 kilos, of condensed liquid is : 

F,„ = 0-6 L ( 273 + Iff* 7 * 76 ° . . . . (262) 

These volumes of air may be found by multiplying by 0*6 those 
given in Table 73 for dry jet-condensers. 

Both wet and dry air-pumps may be used in connection with 
surface-condensers — the former when the condensed liquid is to be 
taken together with the air, the latter when the distillate is caught 
and carried away separately. 

The wet air-pump of a surface-condenser has to exhaust, per 100 
kilos, of distillate, the volume : 

V lH = 100 + V lo litres (263) 

The dry air-pump has to exhaust the volume : 

7,„ - V lo litres (264) 



CHAPTER XXIV. 

A FEW REMARKS ON AIR-PUMPS AND THE VACUA THEY PRODUCE. 

There are two chief forms of air-pump used in connection with 
evaporating apparatus — (A) air-pumps with flap- valves; (B) with 
slide-valves. 

A. Air-pumps with Flap-valves. 

The valves of these pumps are sheets of rubber or metal, which are 
v opened and closed by the pressure of the air without mechanical aid. 
They are called " wet " air-pumps if they are to exhaust the warm 
(condensed) water together with the air. Since the water can never 
be given as high a velocity in the pump as the air, these pumps must 
possess much larger valves if they are to exhaust water than when 
they extract air only. The speed also should not be very high in the 
former case — about 30-50 revolutions per minute. There is another 
reason why the speed of wet air-pumps should not be too high— it is 
desirable to expel at each stroke the whole quantity of air brought in 
during that stroke, which can only be accomplished when the air is 
m first expelled tftftugh the water, which must be as quiescent as 
possible, and which is then itself expelled. If the air and water are 
mixed, which is the case when the water is in too violent motion in 
the pump, they are both expelled together through the valve, but only 
a portion of each, and there remains much air in the cylinder, which 
condition diminishes the efficiency of the next stroke. The larger 
valves and passages of the wet pumps cause them to have as a rule 
greater dead spaces than the slide-valve pumps described later. We 
shall at once see what influence this has upon the action of the pump. 
When a pump with flap- valves is used as a dry pump, i.e., when, 
along with the air, it does not take in water which would All the dead 
space and to a great extent neutralise its effect, it is advisable to allow a 



378 EVAPORATING AND CONDENSING APPARATTS. 

small regulated quantity of cold water or glycerin to enter the pump 
at each stroke and he expelled, in order to overcome the dead space. 
(German Pat. No. 24,092 of C. Heckmann, Berlin). 

If the water which is sucked in is cold and the pump does not 
work too rapidly, very good results can be obtained with wet air- 
pumps. Vacua of 700-720, or even 730 mm., can be permanently 
maintained in the evaporating apparatus. 

Generally speaking, the flap-valve pumps are lese sensitive and 
less exposed to slight accidents than slide-valve pumps, so that they are 
suitable for small and medium capacities. They have the further ad- 
vantage, that they can themselves pump from the well the water for the 
condenser, which it is convenient to attach directly to the pump. Thus 
no special water pump is required, which is necessary with dry con- 
densers in the great majority of cases. This suction of the water from 
a tank or well at a lower level is always permissible if the water level 
is not more than 5 m. below the middle of the pump. It is, however, 
advisable to arrange, for starting and special requirements, a small cold 
water supply -pipe, which can be used for a short time to commence the 
condensation when the apparatus is first set in motion. 



B. Slide-valve Air-pumps. 

In these pumps the ports by which the air enters and leaves are 
mechanically opened. As a rule they should exhaust no water with 
the air, and are, therefore, called " dry " pumps. Their dead spaces 
are smaller, their speed can be greater (60-200 revolutions per minute), 
and they are specially suitable for large capacities. They require a 
surface- or a dry -condenser (if possible counter-current), and they 
use less power than wet pumps. But since the dry (fall-pipe) con- 
densers must lie at least 10*2 m. above the water level, they almost 
always require a special water pump to remove the injected water. 

In order to remove the diminution in efficiency produced by the 
dead spaces, Wellner proposed many years ago to equalise the pressure 
at the dead-point, and now almost all air-pumps are provided with 
arrangements of this kind. 

When the piston of the air-pump Las nearly reached the dead- 
point, in the small space, V„ in front of the piston there is air at the 
atmospheric pressure, p, and in the large space behind the piston, 
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/ + V„ there is air at a very much lower pressure. At this moment,, 
the entrance and exit to the cylinder being closed, the two ends of the 
cylinder are put in communication. The compressed air enters both 
ends of the cylinder, expands, and now after the equalisation there is 
on both sides of the piston the same pressure : 

*-7?17. (265) 

The communication between the two ends of the cylinder is then 
shut off, the new stroke begins, and almost at once the suction 
commences. 

The details of the arrangements for equalising the pressure are 
different with different makers, and will not be further considered 
here. 

The question, to what vacuum (to what lowest absolute pressure, 
p K ) a vessel can be exhausted, is answered in the following manner : — 

A vessel of the volume V g is to be exhausted by a double-aotion 
pump, without equalisation of pressure, with a cylinder of volume J ; 

J 
let the ratio, y- «= /?, the original pressure in the vessel = p, and the 

pressure after n half-strokes = p n . 

This pressure is (after A. v. Ihering, Die Gebltixe) : 

in which the ratio of the dead spaces to the volume traversed by the- 

V 
piston, -j = c and b = 1 + <*(1 + c). 

After an infinite number of strokes the pressure in the vessel is, 
therefore : 

^ = 1^ (267> 

If the pump is provided with a complete equalisation of pressure, 
then the pressure in the vessel after n half-strokes is : 

* - # ♦ t ♦ t\vN} - 1) + to - b ^)]\ ^ 

in which c = 1 + 2c + € v After an infinite number of strokes the 
pressure is very nearly 

_ jDe* p€_ c /960V 

P " ~~ (1 + c) (1 + 2c + €l ) ~ 1 + c* 1 + 2c + €l " yC ™+ 
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Table 74. 

The lowest pressures, p, r , which can be reached by air-pomps, with 
and without complete equalisation of pressure, at proportions of 

V 
the dead apace, t =- y, from 001 - 0-30. 
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In order to obtain a. representation of the effect of the dead spaces 
and of the equalisation of pressure, Table 74 has been drawn up. It 
gives, by means of equation (269), the final pressure obtained after 
an infinite number of strokes in a vessel, in which the pressure was 
originally /-, for pumps with and without the equalisation of pressure. 
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Various dimensions are assumed for the dead spaces (< •■ 001 - 0'20) 
and for the ratio of the volume of the equalising channel to the 

y 
volume traversed by the piston — 1„ = -= = 0'015. 

This Table 74 shows the great extent to which the injurious 
action of the dead spaces is reduced by the equalisation of pressure, 
even when it is not quite complete, which would be the case in 
practice. It also shows what vacua can theoretically be obtained 
with dry air-pumps under various conditions. 



CHAPTER XXV. 

THE VOLUMETRIC EFFICIENCY OF AIR-PUMPS. 
(See A. v. Ihering, Die Gebldse.) 

A. Air-pumps without Equalisation of Pressure. 

When the piston reaches the end of its stroke, after the air has been 
expelled there remains in a small portion of the cylinder — the dead 
space — the volume, V t1 at the pressure of the atmosphere, p. As 
soon as the piston recedes, this volume, V„ expands, and continues to 
expand until its pressure is equal to that in the vessel to be evacuated, 
p . Let the space through which the piston has then travelled = V x . 
(These conditions are the same both for air-pumps, which are to 
create or maintain the very small pressure, p , in a vessel and which 
expel the exhausted air into the atmosphere at the pressure, p, and 
also for compressors, which press the air from the atmosphere, where 
the pressure is p^ into a vessel, in which the pressure, p, is to be 
maintained.) 

Air is warmed by compression; this is the case when air at a 
very small absolute pressure (a partial vacuum) is brought to the 
pressure of the atmosphere, just as when air at atmospheric pressure 
is compressed. 

Let the temperature of the compressed air be T, its temperature 
after expansion to the pressure, p , be T , then by Mariotte's law 

V v V + V 

-f = ^-f^P» (270) 

whence 

Li _ Lb 

T T 
V x = J. t±-T (271) 

Po 
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If V, is the volume through which the piston travels whilst 
exhausting, and / the total volume it describes, then 

/ - 7, - V„ 
Therefore 

y _ j \T Tj ° 

Po 

and since V, = tJ 

('JP-'Mt* 



(272) 



V. = J- 



V T _TJ 
Po 



(273) 



The ratio of the volume during exhaustion, V, (the useful work), 
to the whole volume of the stroke, J, i.e., the volumetric efficiency, 
x „„ is, therefore, 



(tp _ *Po\ T 

-'-•(£5-0 



(274) 



(275) 



P ^0 

Po 

This is the volumetric efficiency for the condition that the heat 
produced in compression is in no way lost. This is called odiabatic 
compression. 

From this equation we see that the volumetric efficiency is 
greater : — 

1. The smaller the dead space, c. 

2. The lower the ratio of the pressure of compression to the 
pressure of the exhausted air (i.e., in compressors, the lower the air 
pressure to be attained ; in vacuum pumps, the smaller is the vacuum 
to be produced). 

3. The higher the temperature of the compressed air and the 
lower that of the exhausted air (i.e., the greater the difference in 
temperature between exhausted and compressed air). 

Thus in order to obtain high volumetric efficiency artificial cooling 
during compression is not advantageous, but is advantageous during 
the period of expansion. 

The cooling may be effected by means of a jacket or by injecting 
water ; the latter is more effective, but necessitates a slower speed and 
readily causes fouling. 
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If complete cooling were attained, so that the air was at a constant 
temperature during the whole operation, then T= T , and the efficiency 
equation would be 

*«- 1 -<£- 1 ) (276 > 

Compression under these conditions is called isothermal. 

Generally complete cooling is not obtained, although attempts are 
made ; a condition occurs which is a mean between complete cooling 
and absence of cooling, which is known as polytropic compression. 
The useful work may then be expressed as the mean of the results of 
equations (275) and (276) :— 

Now in determining the useful work in adiabatic compression the 
temperatures T and T are not known ; if the useful work is to be 
calculated these factors must be replaced by others which are known. 
This is effected by means of Poisson's law (the so-called involuted 
Mariotte's law), by which the pressures may be put in place of the 
temperatures : — 

in which k -frM%%- 1 ^ < 279 > 

or & - = 0-7092 (280) 

<r, is the specific heat of air at constant pressure = 02375. 

<r, is the specific heat of air at constant volume = 0*16847. 

If these values be inserted in equation (275), we obtain an equation 
for the adiabatic efficiency, from which numerical results can be 
obtained : — 

B. Air-pumps with Equalisation of Pressure. 

When the piston reaches the end of its stroke, the condition of 
the air in the dead space before the equalisation of pressure, assuming 
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thai the equalising channel, V m , is always in communication with the 
compressed air, is : — 

— jr-^p (282) 

in the other and larger space the condition is : — 

—m—Po (283) 

x o 

After the equalisation of pressure has taken place the condition 

is: — 

T P< ( 284 ) 

and since the conditions before and after equalisation must be 
equal: — 

f- j + iv.?v. - • ■ • • (28<i » 

If we put V, = tJ and V. = t a J and eliminate J, then 

/ (« + O ? + (L+ f )Po\ T 

?> - — ~f+-ari^:-- " • • • • < 287 ) 
or f i + 2. + «. (288) 

In isothermal compression, in which all the temperatures remain 
constant, T = T. - T , and 

D (« + Of + (! + «) 

£- iA t , < 289 > 

In finding the equation for the adiabatic compression (291) it is 
permissible to put T n — T , which is not correct, but causes only an 
inconsiderable error. Equation (288) then becomes 

„ (« + ofY + < 1 + < ) 

1 2 k ^ (290) 

25 
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0-960 


0-998 


0-950 


0-998 


0-938 


0-998 


0-982 


0-999 


0-977 


0-999 


0-972 


0-999 


0-966 


0-999 


0-955 


0-998 


0-940 


0-998 


0-925 


0-997 


0-907 


0-996 


0-973 


0-999 


0-965 


0-999 


0-958 


0-899 


0-949 


0-998 


0-940 


0-997 


0-920 


996 


0-900 


0-995 


0-876 


0-994 


0-964 


0999 


0-953 


0-999 


0-944 


0-999 


0-932 


0-998 


0-925 


0-996 


0-900 


0-994 


0*875 


0-993 


0-844 


0-991 


0-954 


0-999 


0-941 


0-999 


0-929 


0-999 


0-915 


0-998 


0-910 


0-994 


0-883 


0-992 


0-850 


0-991 


0814 


0-988 


0-945 


0-999 


0930 


0-999 


0-915 


0-998 


0-893 


0-997 


0-895 


0-992 


0-860 


991 


0-825 


0*989 


0-783 


0-983 


0-936 


0-999 


0-912 


0*997 


0-900 


0-997 


0-881 


0*996 


0-880 


0-991 


0-840 


0-988 


0-780 


0*984 


0-751 


0-980 


0-927 


0-999 


0-906 


0-998 


0-886 


0-997 


0-863 


0*996 


0-865 


0-998 


0820 


0-985 


0-775 


0-980 


0-720 


0-976 


0-917 


0-999 


0-894 


0-998 


0-872 


0-997 


0-847 


0-995 


0-850 


0985 


0-800 


0-981 


0-750 


0974 


0-689 


0-966 


0-909 


0-999 


0-882 


0-998 


0-857 


0-996 


0-828 


0*994 


0-812 


0-980 


0-750 


0-971 


0-688 


0*965 


0-612 


0954 


0-884 


0-999 


0-853 


0-996 


0-822 


0-995 


0-827 


0-992 


0-775 


0-973 


0-700 


0-962 


0625 


0-953 


0-533 


0-940 


0-860 


0-999 


0-823 


0-996 


0*786 


0-991 


0-785 


0-989 


0-738 


0-965 


0-650 


0-951 


0-563 


0-938 


0-456 


0*926 


0-838 


0-999 


0-794 


0*968 


0-750 


0-958 


0-742 


985 


0-700 


0-999 


0-600 


0-940 


0-500 


0-924 


0-378 


0*983 


0-814 


0-955 


0-765 


0-994 


0-714 


0-989 


0*655 


0-906 
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Table 75. Part II.— (continued). 







O m -without equalisation of pressure. 


Dead 


Iso- 
thermal. 


m = with equalisation of pressure. 


• I»l - 1* 1 ■ 1- 1 • I" 


Vacuum in mm. of mercury. 








V, 




000 J C.20 j 640 j 660 






j = *■ 


batic, 


p pressure of the atmosphere 






/>„ pressure in evacuated vessel 


4-7* 4-74 1 5-88 6-38 j 6-33 1 6-33 1 7-6 1 7-6 


Volumetric efficiency, ^„ of air-pumps SJid com' 


001 




0-963 


0-999 


0-956 ■ 0-999 


0-947 


0-999 


0-934 


0-998 




a 


0-1)80 


0-99!) 


0-977 ' 0-999 


0-973 


0-999 


0-968 


0-999 


002 




u-wnr, 


0-998 


0-912 0-997 


0-893 


0*997 


0*868 


o-'.m 




a 


0-SlliO 


0-999 


954 ! 0*999 


0-947 


0*999 


0-936 


0-999 


003 




0-Sss 


0-1)35 


0-878 0-994 


0-840 


0*993 


O-M.p-2 


0-999 




a 


0-H40 


0'998 


0-931 0-998 


0-920 


0-998 


0-904 


0-997 


0-04 




0-851 


0-993 


0-825 ,0-991 


0-787 


0-990 


0-736 


0-987 




a 


0*920 


0-99* 


0-908 0-997 


0*883 


0-997 


0-872 


0-996 


0-05 


i 


0-813 


0-990 


0-781 1 0-983 


0-734 


0-984 


0-670 


0-987 




a 


0-900 


0-998 


0*885 0-997 


0-866 


0*996 


0-840 


0-995 


0-06 




0*776 


0-986 


0*738 0*983 


0-680 


0-879 


0-604 


0-975 




a 


0-MS0 


0-997 


0-862 0-996 


0-839 


0994 


0-808 


0-992 


0-07 




0-738 


982 


0-694 0*978 


0627 


0*973 


0-538 


o-ytitt 




a 


0-Hlill 


!>i'ii;j 


0*839 0*993 


0812 


0-992 


0*776 0*989 


0-08 




0-701 


07(i 


0-650 0-972 


0-574 


968 


0-472 


0-95S 




a 


0840 


0-995 


0-816 993 


0-786 


0-992 


0*744 


0-989 


0-09 




Q-6M 


0-972 


0*606 0-967 


0-520 


0-960 


0-406 


0-H4S 




a 


0*820 


0*994 


0-793 0-992 


0760 


0990 


0*712 


0987 


010 




0-620 


0-965 


0-562 0*959 


0-467 


0-950 


0-340 


0-938 




a 


0*800 ' 0*963 


0*770 0*990 


0*731 


o-y.ss 


0-68010*985 


0125 




0-533 1 0-941 


0-463 .0-949 


0*334 


0-lW.i 


0-175 0-916 




a 


0-748 ! 0-989 


0-715 1 0*986 


063 


0-983 


0-600 0-976 


0150 




0-439! 0-928 


0-343; 0-923 


0-201 


0*900 


0-010 0-887 




a 


0-698 ' 0-985 


0*655 j 0-982 


0-i.i00 


0-978 


0-520 0-971 


Q-17S 




0-344. 0-909 


0-234 ' 0-906 


0-063 


0871 


— O840 




a 


0*650 ,0-981 


0-600 0*976 


0-500 


0-971 


0-440 ' 0-962 


0-200 




0*252 0978 


0-124 0*971 


— 


0-963 


— 0-954 




a 


0*598 0-888 


0*540,0-868 


0*460 


0*838 


0-36010-598 
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Table 75. Past II. — {continued). 



o = without equalisation of pressure. 


m = with Ci|u B. lisation of pressure. 


• 1 " 1 • 1 " 1 • 1 " 1 * 1 - 1 • 1 "> 


Vacuum in mm. of mercury. 


680 700 j 720 j 710 ' 750 


pressure in torn predion vesse 




° r pressure of the atmosphere 




9-5 I 9-5 13-67 | 12-67 1 19 | 19 1 36 86 | 76-0 j 75-0 


pressors with ami wit hunt i.'<iiiu']--ati>>i) of pressure. 


0-915 


0-998 


0-883 


0-997 


0-820 


0-996 


0-690 


0992 


0*26 


0-982 


0-961 


0-899 


0-953 


999 


0-930 


0-999 


0-883 


0-998 


— 


997 


0*830 


0-994 


0-767 


0-993 


0-640 


0-987 


0-300 


0*977 


— 


0-950 


0-922 


0-999 


900 


0-999 


0-860 


II-!)! 18 


0-767 


0-995 


— 


991 


0-745 


0-989 


0-640 


0-987 


0-460 


0-978 


— 


0-957 


— 


0936 


0882 


0-997 


0-850 


0-996 


0-790 


0-996 


0'650 


0-991 


— 


984 


0-660 


0-983 


0*534 


0-970 


0-280 


0-964 


— 


932 





0-849 


0-853 


0-1)96 


0800 


0-994 


0-720 


0-993 


0-533 


980 


— 


0-974 


0*575 


0-976 


0-417 


0*967 


0-100 


0-953 


— 


(.1-890 


_ 


780 


804 


0-993 


0*750 


0-991 


0-650 


989 


0-416 


0*979 


— 


01163 


0490 


0-968 


0-300 


0-954 


_ 


0-941 


_ 


0-862 


_ 


0703 


0-765 


0-997 


0-700 


0-988 


0-580 


0-985 


0*299 


0*977 


— 


951 


0-405 


0-957 


0-183 


0-941 


— 


928 


— 


0-821 


— 


0-612 


0-725 


988 


650 


0-985 


0-510 


0-981 


0-182 


0-962 


— 


0-937 


0-310 


0-944 


068 


0-924 


— 


0-917 


— 


0-776 


_ 


0-516 


0-086 


0-986 


01.00 


0-981 


0-440 


0-976 


0-045 


0-955 


__ 


0-923 


0-235 


0-934 


— 


0-909 


— 


859 


— 


0-784 


_ 


0411 


0-647 


0983 


0-550 


0967 


0-370 


0-970 


— 


0-949 


— 


0*903 


0-150 


0-920 


_ 


0-886 


_ 


0-830 


_ 


0-669 


_ 


0*290 


0-607 


0-980 


0-500 


0-970 


0-300 


0-963 


_ 


0-937 


— 


0-885 


— 


0-883 


— 


0-838 


— 


0-750 


— 


520 


— 


— 


0-509 


0-971 


0-377 


0-968 


0-118 


0-945 


— 


0*908 


— 


0-835 


— 


0-841 


— 


0-771 


— 


0-673 


— 


0-338 


_ 


— 


0-410 


0-960 


0-246 


0-948 


— 


0-925 


— 


0-876 


— 


0-780 


— 


0-792 


— 


0-712 


— 


0-552 


— 


0-167 




- 


0-330 


0-940 


0-130 


0-935 


- 


0-898 




0-848 


— 


0720 


— 


0-984 


— 


0-909 


_ 


0-860 


— 


— 


— 




0-214 


0-542 


— 


0-445 


— 


0-259 


— ■ 


0*805 


"™ 


0-652 
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or, applying Poisson's law, 



p. _ («+<■>(£)'+ a**) 



A" l + 2c + < . (29«) 



After equalisation has taken place, the equalising channel at the 
piston end of the cylinder is closed, and the piston in returning must 
pass through the space, V x , in order to reduce the pressure, p mt exist- 
ing after the equalisation to that to be attained, p . When this is 
the case, the exhaustion begins, therefore, 



V '-\T. f ) Po 
K - V \p T„ 7 



^0 x 

„ fV.t 
or 



<Po 
The isothermal volumetric efficiency is, since T a = T , 

*- i -t- 1 -«(£- 1 ) • • • • < 292 > 

or, inserting the value of -from equation (289), 

Pq 

^.l. € |__ r -^_ j ___lj. . .(293) 



The adiabatic volumetric efficiency is 



X^l-^l^J-l). . . . (294) 

- 1 -•{(£)* - 1 } ' (296) 



7} 

or, inserting the value of - from equation (291), 

Po 



X«* 



.-{('--ife^'-J 



(296) 



All these equations, which appear more unwieldy than they really 
are, are calculated out in Table 75 for many cases, indeed for most 
ordinary cases. 



EFFICIENCY OF AIR-POMPS. 



la the first place will be found the values of — ', calculated by 
To 
means of equations (289) and (291) for moat degrees of evacuation 
and compression. The isothermal and adiabatic volumetric effi- 
ciencies can then readily be determined by the aid of equations (293) 
and (296). The calculated values of these efficiencies are given in the 
second part of Table 75, together with those for pumps without 
equalisation of pressure (equations (276) and (281)), so that all cal- 
culable efficiencies may be examined together, which was the purpose 
of this table. From this comparison it may be seen that the volumetric 
efficiency is the greatest when no heat is taken from the air-pump, 
and that the cooling of the cylinder of the air-pump, when only the 
volumetric effect is in contemplation, is rather injurious than useful. 
But all these figures do not quite represent actual practice, for, whether 
artificial cooling is applied or not, a certain and not inappreciable 
cooling takes place through the metal walls. The so-called polytropic 
compression then occurs, which is approximately represented by 
taking for each case the mean between completely cooled and un- 
cooled air-pumps. This assumption corresponds bast to the reality, 
and in most ordinary cases the difference is not very great. 



CHAPTER XXVI. 

DETERMINATION OF THE VOLUME OF AIR, V h WHICH MUST BE 
EXHAUSTED FROM A VESSEL CONTAINING THE VOLUME, 
V*, AT THE PRESSURE, p« IN ORDER TO REACH THE LOWER 
PRESSURE, iv 

(After F. J. Weiss, Zcits. d. V. d. Ing., 1886, 646.) 

Sometimes it is required to know how large an air pump must be in 
order to exhaust a vessel of known capacity in a definite time down 
to a certain degree of vacuum, or the reverse : in what time a certain 
vessel can be exhausted down to a certain vacuum by means of the 
pump provided. 

Let V 9 = the volume of the vessel in litres. 

J = the useful volume of the air pump in litres. 
p„ = the initial pressure in the vessel in atmos. 
p, = the final pressure in the vessel in atmos. 
V, = the volume in litres which must be exhausted in order 
to reduce the pressure from jK to p e . 
If the pressure in the vessel after the 

1" 2 ,id 3 rd n'* single stroke 

is p x p., p. 6 p e atmos. 

then 

PiiK + J)~ P.V, therefore^, = 7W- T f-, (297) 

Pi ( V, * J) = Pl V, , . p, = Pl ^ j = v., ( y \ j)' (298) 

p*v. + <d=i>s, ,. ft-p«r^7-^(p; + j) s ( 2 ") 

V. 



'-'•(v-i-tf ■ ■ ■ ■ (300) 
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frivol) • • • • < 301 > 

log ?! 

whence » = *$— (302) 

tog — -J— 

y 
If ^f — g —j b® expanded in a binomial series and the higher powers. 

of — neglected because of their smallness, then 

r^h-'-T, ( 303 > 

or: 

log^ = log(l - ft (304> 

If now log (1 - — ) be expanded in a series and higher powers, 
neglected, we obtain 

K 1 -£)--£ (305 > 

When this value is inserted in equation (302) we have : 

log^ 
« = — £ (306> 

~~V~ 
or nJ = Yjf - log£) (307) 

Now nJ is the total volume, which is to be exhausted from the 
vessel, i.e., through which the piston has to run, in order to reduce 
the contents from the pressure p a to the pressure p., therefore 

„J= Vt = vJ- logPfj (308) 

p, is always less than p at therefore log ^- is always negative, and 

P*» 

consequently - log-& always positive. 
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Table 76. 

Examples of the volume, V h in litres, which must be exhausted from 
vessels containing V g = 500 to 4500 litres of air, in order to reduce 
the original internal pressure p a = 1 atmos. abs. (760 mm. of 
mercury) to O-9-O'Ol atmos. abs. (vacua of 76 to 754*4 mm.). 



The pressure in 

the vessel is to 

be diminished 

from the 

atmospheric 

pressure p a to 



10 



11 



12 



the abs. 
pressure 

J" 
atmos. 



i.e., to a 

vacuum 

of 



mm. 



Log 
1>* 



If the original pressure of the atmos. abs. in a vessel of 

the capacity Y g is to be brought to the lower 

pressure p e atmos. , the air pump has to 

exhaust the following volumes, 

\\ in litres. 



Capacity of the vessel, V„ in litres. 



500 ,1000 



1600 ' 2000 2500 , 3000 



8500 



4000 



4500 



Volume to be exhausted, 1"', in litres. 



0-9 

0-8 

07 

06 

0*5 

0-4 

0-3 

0-25 

0-2 

015 

0-1 

009 

0-08 

007 

006 

005 

0-04 

0-03 

002 

001 



76 
152 
228 
334 
380 
456 
532 
570 
608 
646 
684 
6916 
6992 
706-8 
717-4 
722 
729-6 
7372 
751-1 
753-4 



0105 
0-223 
0-357 
0-511 
0-693 
0-916 
1-204 



1-3851 

1-61 

1-90 

2-30 

2-41 

2-53 

2-66 

2-81 

3-00 

3-22 

3-51 

3-91 

4-61 



53, 105 
112 223 
176 351 
256| 511 
347| 693 
458 916 
6021204 
6931385 
8101610 
9501900 
11502300 
1205:2410 
1265 2530 
1330 2660 
1405 2810 
15003000 
16103220 
17553510 
19503910 
2305 4610 



158 210 
335 446 
527. 702 
767 1022 
10401386 
13741832 
1806 2408 
20782770 
2415 3220 
28503800 
3450 4600 
36154820 
37955060 
39905320 
4215 5620 
4500 6000 
4830 6440 
5265 7020 
58657820 
6915 9220 



263 
558 
878 
1288 
1733| 
2290. 
3010 
3463 1 
4025' 
4750! 
5750 : 
6025 
6325| 
6650, 
7025! 
7500' 
8050 
8775: 
9775 
11525 1 



315 
669 
1053 
1535! 
2079i 
2748! 
3612i 
4155 
4830 
5700 
6900 
7230 
7590 
7980 
8430 
9000 



368i 
781 
1229 
1789 
2426 
3206 
4214 
4848 
5635 
6650 



420j 
8921 
1404 
2044 1 
2762 1 
3664, 
4816 



473 
1004 
1760 
2310 
3119 
4122 
5418 



5540| 6233 

6440; 7245 

7600 1 8550 

8050J 9200110550 

8435] 9640 ! 10845 

8855 10120 ! 11385 

9310]10640, 11970 

9835I11240.12645 

10500:1200013500 

9660|1127012880'14490 

10530122851404015795 

11730,1368511564017595 

13830 1613518440 20745 
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If p. = 1, i.e., if the absolute pressure in the vessel at the begin- 
ning is 1 atmos., then log p a = 0, and the expression becomes 
V, => V, ( - log ft), which is always positive since p, must be less 
than 1. 

Table 76 has been calculated by means of this formula. It gives 
immediately the volume, V„ which must be exhausted from vessels 
of V„ — 500 to 4,500 litres capacity, in order to reduce the contents from 
the absolute pressure of 1 atmos. to the desired lower pressure, p.. 
The number of strokes required for this purpose is obtained from the 
dimensions of the pump. If the time be given in which the desired 
effect is to be produced, the dimensions can readily be found. The 
table shows at once that almost as many strokes (or as much time) are 
required to reduce the pressure of 1 atmos. down to 01 atmos., 
as 01 to 001 atmos. 

If it is required to reduee the pressure in a vessel from p„, which 
is lower than 1 atmos., to the still lower pressure p., in order to find 
the volume of air to be exhausted in that ease, it is only necessary to 
subtract the volume, which must be exhausted in order to reduce the 
pressure from 1 to p m , from that required to reduce the pressure from 
1 to p,. 

Example*. — [a) A vessel of the capacity of V, = 2,000 litres, in which the 
absolute pressure p. = 1 atmos., is to be evacuated down to 0-2 atmos. 

Table 76, column 7, line 9 shows that 3,220 litres must be exhausted for this 
purpose. 

(6) The pressure in a vessel of the capacity, V, = 2,000 litres is 0-5 atmos. ; it 
is to be reduced to 0-2 atmos. What volume must be exhausted 1 

From Table 76, column 7, Hue 9 it is seeu that, in order to reduce the pres- 
sure in the vessel from 1 atmos. to 0'2 atmos., 3,220 litres must be exhausted, 
and column 7, line 5, shows that 1,386 litres must be exhausted in order to 
reduce the pressure in the vessel from 1 atmos. to 0-5 atmos. 

Thus, to reduce the pressure in the vessel from OS to 02 atmos., 3,220 - 
1,396 = 1,834 litres must be pumped out, whence the dimensions of the air pump 
can be determined. 



- - water bv, JIM. 

- pipes, 173. 176. 

- — diameter of, •££>. 

- pumw, an. mi, win, m>. 

- — efficiercv 'A, W)2. 

\\w\uA,fa, 

- vapour in pipe*, 170, 172, 174. 



Mends irt pipes, 180. 

Benzene, 59. — — i 
Moiling points in evaporating liquid*. 74. ' Crew), 

— -- in tanin, 69. Currents. 

Hubbies of liquid. IS*. — of ilea 

1.1*91111, 100. — pamll. 

Jiutyric acid, .Vj. 



Coodiclion. 191. 
Conductivity oo-eScicot. 34. 
Content*, table of. it. 
Contracriofu. iiA of. tti 

Coder*. 2M. 

— open -arfaoe. 31*. 

— — dimension, of. 331. 
Co:-.** tubes. 27*. 
C>.liog iir air. 233. 
evaporation. 802, 

— discontinuous, 317. 

— liquid*, 301. 

— pipe, dimension* of. 307. 

— surface*. 2fW. 290. 

— to wen, 881. 

, — water. 212. 259. 
'Counter current*. 9. 

iondenscn, 237. 



c. 

Carbolic acid, 09. 
Owfllcient of conductivity, 86. 
- transmission of heat, 1, 24. 

m. 43, aaa, 20s, 804. 

('alls, dimensions of, 46. 

•Lmmii, H:|, 42, 188. 293. 
(Jolnparisori of wi-ighU and 

six. 

fjnndnnsod water. 84. 
Condensers, 207. 
- <roiintnr-<Turrunt,287. 
- opun surface-, 287. 
iinriLllnUmrrnnt, 881), 
Jut, 207. 

■■ dry, 212, 246, 352. 
writ, Sill, 244,841. 

an. 277. 



mirhw 



. a>(i. 



Diameter of pipes, 161. 

water- pi pen, 178. 

■ Distillation in steam, 19. 
5, 86, : Distribution of water, 219, 243, 258. 
! Double bottoms, 33, 53, 136, 298. 

— effect evaporator, 65, 81, 90, 99. 

Drops of water, 227, 234. 



Elbows in pipes, 180. 

Equalisation of pressure, 37B. 

Escape of heat, 193. 

Ether, 69. 

Evaporating liquids, boiling point of, 74. 

splashing of, 132. 

— surface, 61. 
Kvaporation, 26, 53. 



Evaporation, cooling by, 30 

— in a vacuum, 56. 

— self, 67. 

Evaporative capacity, 62. 
Evaporator, double effect, E 

— multiplo — , 62. .197. 

— quadruple — , 81, 90, 09. 

— triple — , 66. 
Extra steam, 62,95, 114. 



Falling drops, 122. 

Pall in temperature, 72. 

— pipe, 215. 

Fire, heating by, 12, 138. 

Flap valvea, 378. 

Froth separator, 128, 156. 

Fuels, properties of, 14. 



Heaters, steam, 134. 
Heat, escape of, 198. 
Heating surfaces, 16, 84. 

of multiple evaporal 

Heat, loss of, 190. 



— required in superheating, 22. 
Height of splashes, 132, 139. 
Horizontal tubes, 138. 



Ice, introduction of, 801. 



Jackets, 53. 
Jet-condensers, 207. 

dry, 212, 246, 352. 

wet, 211, 244.341. 

Jets of water, 227. 284. 



Liquid, bubbles of, 155. 
— in multiple evaporafc 

88, 103, 109. 



Loss of heat, 190. 

experiments on, 193. 

— pressure in pipes, 163. 



Machines, refrigerating, 313. 
Mercury, 69. 

Metal, heating surface of, 34, 42, 
Motion of floating drops of 
Multiple-effect evaporator, 
— evaporator, liquid in, 58 



197. 



Parallel ci 

— current condensers, 237. 
Pipes, bends in, 180. 

— diameter of, 161. 

— elbows in, 180. 

— loss of pressure in, 163. 

— velocity of steam in, 167. 
water in, 181, 182, 308. 

— waste water, 215. 

— water, diameter of, VIS. 

supply, 218. 

Prefaces, iii., vi., vii. 
Pressure, loss of, in pipes, 163. 

— of currents of steam and air, 

— upon drops of water. 117. 

— vapour, 58. 



Quadruple -effect evaporator, 81, ! 



